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PREFACE 

TECH LIBRARY KAFB, NU 

0077343 

The proceedings  of the 1980 Symposium on Lightning  Technology  held  at 
Langley  Research  Center April 22-24, 1980, are reported in this NASA Conference 
Publication. This Symposium was sponsored by the National Aeronautics  and 
Space  Administration,  the Florida Institute of Technology,  and  the  Department 
of Transportation. 

The 1980 Symposium  included  papers in several  facets of lightning  tech- 
nology  including  phenomenology,  measurement,  detection,  protection,  interac- 
tion,  and  testing. Papers identified in the  Contents by an asterisk are a set 
organized  as  "New Thrusts in Lightning  Electromagnetics." In addition to the 
presentation  sessions,  open forums were  held  on  protection  of  ground  systems 
and on  simulated  lightning  testing. The NASA Langley  Research  Center  lightning- 
instrumented F-106 aircraft  was  displayed and the  instrumentation  system  was 
described  during a conducted tour-. 

This publication  was  prepared  from  camera-ready  copies  of  the  conference 
presentations  supplied by the  authors. In order  to  prepare  the  proceedings 
for distribution at  the meeting,  the  papers  were  printed  as  received  from 
the  authors. The material  presented in this  report  was  taken  from a variety 
of sources;  therefore,  various  units of measure  are used. Use of trade  names 
or names  of  manufacturers in this  report  does not constitute  an  official 
endorsement of such  products or manufacturers,  either  expressed or implied, 
by NASA. 

Felix L. Pitts 
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A WAVE  GUIDE  MODEL OF LIGHTNING  CURRENTS AND THEIR  ELECTROMAGNETIC  FIELD 

Hans  Volland 
Radioastronomical  Institute,  University of Bonn 

SUMMARY 

Lightning  channels  are  considered  as  resonant  wave  guides  in  which  only 
standing  resonant  wave  modes  can  be  excited. Two types of  discharging  currents 
can develop.  Type 1 is an aperiodic  wave  of  the  form  described  by  Bruce  and 
Golde.  Type 2 is  a  damped  oscillation.  The  electromagnetic  radiation  field  of 
both  types  of  currents  is  calculated  and  compared with the  observation. 

LUMPED  CIRCUIT  MODEL 

The  Bruce-  Golde  formula  (ref. 1 )  

(0  < a <B;  a,B real)  simulates  well  the  observed  temporal  variation  of  the 
electric  currents  I  at  the  base  of  return  stroke  channels. However, it will  be 
shown  in  the  following  that  most  sferic  wave  forms  observed  at  far  distances 
from  the  stroke  are  related  to  1.ightning  currents  of  the form 

(0 < y, 6; y , 6  real). Form ( 1 )  shall be called a type I current. Form (2) shall 
be called  a  type 2 current.  With 

type 1 can  be  transformed  into  type 2. Q is  the  total  charge  stored  within  the 
channel  at  time  t = 0. For  type 1,6 is imaginary. For  type 2,6 is real. 

- 

Oetzel  (ref. 2) has  shown  that  in  a  parallel  lumped  circuit  model  with 
resistance R , capacitance  C , and  inductance  L , a  discharging  current 
flows  at  time  t 2 0 which  has the form of ( 1 )  or (2) , and it is 
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Evidently,  type I currents  flow  if R > 2 . 

WAVE G U I D E  MODEL 

A more  realistic  model  of  lightning  currents  must  take  into  account  the 
finite  diameter  d  and  the  finite  length of the  channel  (approximated  here 
by a  vertical  straight  wire). At time t = 0, such  wire  has  contact  with  the 
perfectly  conducting  earth  in  the  case  of  return (R) strokes, or discharging 
starts  at  time  t = 0 without  contact  to  the  earth in the  case  of  intracloud 
(IC) strokes.  The  maximum  spectral  amplitude of return  strokes  is  near 5 kHz 
(ref. 3 ) .  The  corresponding  wavelength X = 60 km in  free  space  is  large 
compared with the  channel  length R .  Therefore,  the  propagation  of  electromagne- 
tic waves  in such  channel  must  be  treated by full  wave  theory. 

The  boundary  condition  are 

1 .  zero  vertical  electric  field  at  the  top  of  the  wire (z = H+L) 
2a. zemhorizontal electric  field  at  the  ground (z = 0) for R strokes 
2b. zero  vertical  electric  field  at  the  bottom (z = H-R) for IC strokes 
3 .  continuity of the  horizontal  fields of E and H at  the  surface  of  the  wire 
4 .  radiation  condition  fulfilled  outside  the  wire. 

For  moderate  electric  conductivity  within  the  wire ( 0  = I O 4  S/m),  small 
diameters (d < 5 cm),  and low  frequencies,  it  can be shown that  the  current 
within  the wire  has the form (ref. 4 )  

for (H-L = z = H + R ) .  It is H = L = 0 for R strokes, H the  center  and L = R 
for IC strokes.  The  vertical  wave  number 

< <  

h =  (2n-I)T~ n 2R 

is  chosen  such  that  the  boundary  conditions (I) and (2) are  fulfilled. An 
infinite  set of eigen  frequencies 

iw = yn T idn n 

can  be  found  from  the  eigenvalue  equation 

4 



; u = (-) (C h Kd2. 2 2  
4c n 

with K = 1.781-,the  Euler- 
and p = 4~rx 10 H/m. 

0 

Mascheroni constant 

- Wn> 2 
(8 1 

(ref.5), c  the  speed  of  light, 

Eq. (5) is  identical  with ( 1 )  and (2) apart  from  the  height  structure 
function.  It  shows  that  the  lightning  channel  behaves  like  a  resonance  cavity 
in  which  only  standing  modes  can  be  excited. 

From  the  equation of  continuity  of  the  current,  one  can  derive  a  charge 
density  within  the  wire of 

'n -Ynt 
'n = h a  { cos 6 t +-sin 6 t} e n n  n 6 n sin  h (z-H) n n 

The  total  energy  dissipated  within  the  wire  by  the  n-th  mode  of R strokes 
is 

- 3  

R R m  2 Q1T = - I  I d z d t = -  
'n 'diss 

0 
n 

where R is  the  total  resistance  of  the  wire  and  C  its  capacitance 
according  to ( 4 ) .  n 

The  eigenvalue  equation (8) must  be  solved  numerically.  In  Fig. 1 ,  d is 
plotted  versus  a  reduced  channel  length Rn = R /  (2n- 1 )  as  derived  from (8) 
for  a  set  of  pairs (a,B) or ( y , 6 ) ,  respectlvely.  The  conductivity  is  assumed  to 
be u = I O 4  S/m.  Transition  from  the ( a ,  6) regime  (type 1 )  to the (y, 6) regime 
(type 2) occurs  at  the  fat  dash-  dotted  line  where 6 = 0. Given  the  channel 
parameters R and d, the  reduced  channel  lengths R are  determined  uniquely 
from (6) from  which  one  finds  the  corresponding  eigenvalues  in  Fig. 1 .  The 
larger  the  wave  number n, the  smaller  the  pulse  length of the  nth  mode. 

n 

EXCITATION OF EIGENMODES 

- If  the  electric  charge  distribution  just  before  discharging  starts  is 
q(z), matching  of  that  distribution  by  the  eigenmodes (9) yields  for R strokes 

m - 
q(z) = 1 h n x  sin  h z 

n= 1 
n 

which  gives 
R 
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At time  t = 0, all  modes  are  excited  simultaneously  with  amplitudes ,G 
Although  these  wave  modes  are  standing  waves,  their  superposition  gives  the 
impression  of  the  transport  of a '  disturbance . Imagine  that in an  ideal 
straight  wire  of  length R which  is  grounded  at  the  bottom,one  puts  a  negative 
point  charge  at  the  height z . Just  after  the  discharge  process  started  (say,  at 
time  t = I p s )  , the  charge  region  has  somewhat  broadened,  and  currents  flow 
from the  environment  into  that  region (Fig.  2a). A  very  small  discharging  cur- 
rent  flows  already  through  the  bottom  of  the  channel.  At  time  t = 10 p s ,  the 
pulse  form  is in full  development  (Fig. 2b). The  higher  order  modes  with their 
shorter  pulse  lengths  have  already  died  out.  The  vertical  pulse  form  of  the 
charge  becomes  broader  and  smoother. Two regions  of  disturbances  of  the  current 
propagate"  toward  the  ends  of  the  wire with  finite "velocity".  The  discharging 
current  through  the bottom of  the  channel  has nearly  reached  peak  amplitudes. 
At t3 = 100 p s  finally, (Fig.  2c)  only  the  first  mode  remains while  all  other 
modes  have  decayed.  In  the  case  of  a  point  charge  originally  at  the  top  of  the 
wire, only  one "pu1'sel' would  travel  downward. In the  case  of  the  point  charge 
at  the  bottom,  only  one  "pulse"  would  travel  upward. 

ri' 

0 

l 

2 

11 
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The  ''propagation''  effect in Fig. 2 is  due  to  the  superposition  of  all 
standing  wave  modes  which  have  different  pulse  lengths.  Physically  speaking, 
this  is  a  diffusion  effect  rather  than  a  propagation  process  because  the  type 2 
waves  are quasi- evanescent,  the  type 1 waves  are  evanescent  with  infinitely 
large  phase  velocities. 

In an  imperfect  wave  guide  such  as  the  tortuous  lightning  channel  with 
branches  etc.,  resonance  loses  its  meaning  for  the higher  yrder  modes  which 
have  wavelengths  small  compared  with  the  channel  length (n = I O ) .  These  waves 
propagate  like  free  waves.  They  are  partially  reflected  at  inhomogeneities 
and  damped  along  their  propagation  path.  They  are  generated  all  the  time  during 
a  flash.  However,  they  are  ineffective  for  transporting  electric  charge  because 
they interfeedestructively.  Their  contribution  to  channel  heating  is  probably 
of  minor  importance.  This  waye  component is the  quasi-  continuous  radio  noise 
observed  at  frequencies  f = 100 kHz. 

Waves  of  intermediate  wave  numbers (3 n Î I O )  have  wavelengths  compa- 
rable with the  large  scale  inhomogeneities  of  the  channel.  On  the  other  hand, 
their  wavelengths  are  too  large to allow  propagation  as  free  waves.  Therefore, 
these  waves  cannot  develop  to  their  full  impulse form, and  mode  coupling  from 
that  range  of  wave  numbFrs  into  the  other  wave  modes  is  expected.  The  waves  of 
lowest  wave  numbers (n = 3)  are  the  only  modes where  resonance  effects  can 
lead  to  the  full  development  of  pulse  forms  like (5). In  particular,  the  first 
mode (n = 1) has  a  wavelength  of  four  times  the  channel  length  which  is  large 
even compared  to  the large  scale  inhomogeneities  of  the  channel. It is that 
mode  which  most  effectively  transports  and  redistributes  electric  charge  within 
the  lightning  channel  and  also  heats  the  channel  to  temperatures  where  luminous 
events  can  be  observed.  A  discharging  process  where  the  first  mode  is  involved 
probably  starts  after  the  channel  has  reached  some  kind  of  stable  configuration. 

< <  
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CHANNEL HEATING 

The observa t ions   sugges t   and   the   theory   ou t l ined   above   s t rengthens   the  
i d e a   t h a t  i t  i s  m a i n l y   t h e   f i r s t  mode wh ich   t r anspor t s   cha rge   du r ing   s t rokes .  
However, t h a t  mode i s  a s t a n d i n g  wave s t a r t i n g   s i m u l t a n e o u s l y  a t  a l l  h e i g h t s  
a l o n g   t h e   c h a n n e l .   T h i s  i s  i n   a p p a r e n t   d i s a g r e e m e n t   w i t h   o b s e r v a t i o n s   o f  lurni- 
nous  events  where  one sees a "wave f r o n t "   p r o p a g a t i n g  upward w i t h   v e l o c i t i e s   o f  
t h e   o r d e r   o f  1/3 o f   t h e   s p e e d   o f   l i g h t   ( r e f .  6 ) .  That   d i screpancy  may b e   d i s o l -  
ved i n   * f o l l o w i n g  manner:  Luminous e v e n t s   c a n   o n l y   b e   o b s e r v e d   a f t e r   t h e   g a s  
i n   t h e   c h a n n e l  i s  h e a t e d   t o   t e m p e r a t u r e o f   t h e   o r d e r   o f  T = 30 000 K ( r e f .  6 ) .  
Tha t   hea t ing   p rocess  i s  due t o   t h e   d i s s i p a t i o n   o f  e l e c t r l c  energy  (Joule  hea- 

o f   e n e r g y   i n   t h e   f o r m  (P c o n s t a n t )  

. m  

i t i n g )   o f   t h e   f i r s t  mode. For  a very  rough estimate, one   can   use   the   equat ion  

1 

9 

dT R I L  
P C v  - - - 

V 

w i t h  p t h e   g a s   d e n s i t y ,  c t h e   s p e c i f i c   h e a t  a t  constant  volumn, T t h e  tem- 
p e r a t u r e ,  R t h e   t o t a l   r e s i s t a n c e  o f  t he   channe l ,  I t h e  e l e c t r i c  c u r r e n t  of t h e  
f i r s t  mode, V = F11 t h e  volumn  of  the  channel,  and F = rrd / 4  i t s  c r o s s   s e c t i o n .  
Since I i n  (5) dec reases   w i th   he igh t   by  a cos ine   l aw,   the   th reshold   t empera tu-  
re where   l uminous   even t s   s t a r t  i s  r e a c h e d   a t   l a t e r  times t i n   g r e a t e r   h e i g h t s :  

V 

2 

1 
m 

2R 
m ll 

r 

z = - a r c o s  I P  1 therm 

j o u l e  

w i t h  
= pc (T -T ) 2 27  MJ/m 3 

'therm v m o  

the   t he rma l   ene rgy   necessa ry   t o   hea t  t h e   c h a n n e l   t o  a tempera ture   o f  T . 
T i s  the   t empera tu re   o f   t he   channe l  j u s t   p r i o r   t o   t h e   d i s c h a r g e .   F u r t h e r m o r e ,  m 

0 

RT: t m  -a t - @ I t  2 2 p d i s s  - 
' joule  = - J  v (e - e  ) d t s  " V 2c ]V ( 1 6 )  

w i t h  P from (IO). Accord ing   t o  ( 1 4 1 ,  t he   channe l   can   neve r   be   i l l umina ted  
up t o  I t s  v e r y   t o p .   E v i d e n t l y ,  i t  must be  P < 2P . /V i n   o r d e r   t h a t  
luminous  events   can  be  observed a t  a l l .  Accor s lng   t o  (?!k?s the   degree  of   lgmi-  
n o s i t y   a l o n g   t h e   c h a n n e l   d e p e n d s   m a i n l y   o n   t h e   r a t i o   b e t w e e n   t o t a l   c h a r g e  Q 
and  channel  volumn V. 

d i s s  
t h  rm 
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ELECTROMAGNETIC  RADIATION 

The  vertical  electric  field  E  and  the  azimuthal  magnetic  field B of a 
vertical  lightning  channel  of  a  return  stroke  with  a  current  configuratton  of 
(5) observed on the  surface  of  a  perfectly  conducting  earth  is (ref. 4 )  

Z 

2- 
2 ' 2 I G2 G3 J {sin 8 D + ( 1 -  3 cos e ) ( -  + -))cash z dz + residuum 1 1  

D2 D3 n 

u0c Q R '  
2- 

1 G I  G2 

+ 2 T ~ 3  o D D2 
CB = -  J sine (- + -)cos h z' dz' n 

' 2  with Gm(t ) from  table 1, t = t - R/c  a  retarded  time, R = J  0 + i2 the 
distance  between  a  channel  efement  at  height z' and  the  receiver  on  the  ground 
in  a  horizontal  distance  of p from  the  channel  bottom,  sine = p/R, cosf3I = -z'/R, 
D = R/E, and E = I km a  normalizing  distance  (see  Fig. 3). It is 

r 

JC2tl + 2pctl 
I 

for ; =  (18) 

that  height  on  the  channel  where  the  last  signal  reaches  the  receiver  at  the 
receiver  time t' = t- p/c . At  time t' = 0, the  first  signal  reaches  the  receiver. 
At  the  channel  time t = 0, the  current  starts  to  flow. 

At  large  distances from  the  channel ,(p >of) ,  the Gm and D in ( 1 7 )  are 
nearly  independent  of  height,  and  it  is 8 = 9 0  - Thus , a  dipole  approximation 
yields 

- G2 G3 - G 1  G2 E = 9M(- + - + -) ; cB = - 9 ~ ( -  + ") 
Z D D2  D3 4 D D 

with 
i = 2( -1 )  n+l- - Qn 'n an  electric  dipole  moment (in C m), and 
- 
Rn = I/h an  effective  antenna  length ( in  m ) .  n 

The  residuum  in (17 )  takes  into  account  the  finite  charge  stored  at 
t = 0 on the  channel. 

Note  that  the z- axis  is  orientated  positive  upward  and  that  by  defini- 
tion,  the  electric  field  disappears  at t + m .  Thus, a transformation  from  that 
defined  field  to  the  field  as  usually  defined  in  the  literature  (e. g .  ref. 6 )  
is  necessary: 

AEZ = EZ ( 0 )  - EZ(t) 
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DISCUSSION 

In  table I ,  the  ratio  between  maximum  and  minimum  of  the  radiation  com- 
ponent  G  labelled  as R1 , and  its  crossoyer  time  tc  are  given  as  functions 
of (a, 6) and (y ,S) , respectively.  It is R = 7.4 for  type 1 currents,  and < 7.4 
for  type 2 currents.  The two parameters R and tc are  useful  for  a  quick  deci- 
sion  whether  observed  sferic  wave  forms  belong  to  type 1 or to type 2 currents. 

1' 
1 
1 

The  electromagnetic  field of the  first  mode (n = 1) of a  type 2 cur  ent 
from (5) with the  parameters = - 0.49 Cy II = 18.7 km, y 1  = 1 . 1 5 ~  IO4 s , 
6 ,  = 2 . 3 ~ 1 0 ~  s-I, P = 2 MJ as  calculated  from (17) is  plotted in Fig. 4 for 
three  distances p =? gm, 10 km, and 200 km (solid  lines). The  individual  com- 
ponents  m = 1, 2 and 3 in (17) are  plotted  as  dashed  curves in Fig. 4. The 
dotted  lines  are  observed  wave  forms of  a first  return  stroke  reproduced 
from  Lin  et  al.  (ref. 7). The  agreement  between  the  observations  and  the  model 
is  excellent  at 200 km distance. At 10 km, the  theoretical  amplitudes  are  some- 
what smaller  than  the  observed  data,  although  the  agreement  between  the  wave 
forms  is  reasonable.  In  particular,  the  "ramp"  due  to  the  electrostatic  compo- 
nent (m = 3 )  of  the E- field  and  the  "hump" in the B- field  are  clearly  visible. 
The  electrostatic  component of the E- field  is  apparently  too  small  to  adequa- 
tely  reproduce  the  "ramp".  The  model  also  does  not  simulate  the  "initial  peak" 
in the  data. 

-'F 
1 

In  the  case  of 1 km distance,  the  calculated  field  strengths  are  one  or- 
der  of  magnitude  too  small  compared with the  observations  although  again  the 
wave forms  are  similar.  This  discrepancy  may  be  not  too  surprising  in  view  of 
the  simplified  model  which  can  only  simulate  the  vertical  part  of  a  real 
oblique  and  tortuous  channel.  The  hugh  channel  length  of  nearly 20 km already 
indicates  that  the  channel  must  possess  a  significant  horizontal extent, and  it 
is  well known that  the  horizontal  part  of  an  antenna  near  the  ground  does  only 
significantly  contribute  to  the  electromagnetic  field  in  the  immediate  environ- 
ment  of  the  antenna  (ref. 5). This  idea  is  supported  by  the  behavior  of  the 
dipole  approximation  (the  dash-  dotted  lines in Fig. 4 ) .  While  a  reasonable 
approximation  at 200 km, it somewhat  overestimates  the  observed  field  at 10 km, 
and it grossly  overestimates  the  field  at 1 km distance.  On  the  other hand, the 
calculated  field of the  vertical  channel  underestimates  the  measurements.. Hence, 
a  vertival  antenna  having  a  dimension  between 1 = 0 (dipole)  and R would  re- 
produce  the  magnitude of the  measurements  although  the  details  are  lost. 

Lin  et  al.  (ref. 7) maintain  that  their  observed  wave  forms  in  Fig. 4 are 
typical  for  the  first  and  for  subsequent R strokes. In the  case of subsequent 
strokes,  their  observed  crossover  time  is  of  the  order of 30 p s .  That  cross- 
over  time  corresponds  to  channel  lengths  of  about 10 to 12 km and  channel 
diameters  of  about 5 cm.  The  wave  forms  again  point  to  type 2 currents.  Measu- 
rements  of  Taylor  (ref. 8) also  indicate  a  predominance  of  type 2 currents 
(80  2 of  all  cases).  On  the other  hand, the  Bruce-  Golde  formula ( 1 )  based on 
direct  current  measurements  is  of  type 1 .  The  question  arises  then  why  type 1 
appears  to  be  rarely seen in sferic  wave  forms. A possible  _answer  may be the 
following:  the  channel  parameters  deduced  from  the  numbers I, a, and 6 (e.  g. 
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from ref. 9 )  are = 8 km, d = 1.6 cm, and Pdiss = 35 MJ for  the  first R 
stroke, and R = 8 km, d = 3.2 - 4.5 mm, and P = 180 - 46 MJ for  subsequent 
strokes (ref. 4 ) .  Thus,  the  typical  Bruce-  Golie  current  has  a  relatively  small 
channel  volumn,  and  the  energy P is  larger  than  the  critical  thermal  energy 
in ( 1 5 ) .  Therefore,  a  significan  part  of  the channe.1 is illuminated.  On  the 
other hand, the  typical  lightning  channel  associated  with  sferics  has  a  large 
channel  volumn , and  the  dissipated  energy is small.  Therefore,  that  lightning 
may  be  at  or even  below  the  threshold  of  visibility. 

iss 

giss 

Fig. 5 shows  the  radiation  component (m = 1) of  the  first  mode (n = 1 )  
of a typical  intracloud K stroke  situated  at  a  distance of 25 k.m from  the 
observer and  centered  at a height  of 5 km aboveground.  The  cha  ne1  parameters 
are 0 = 9.6 mC, 211 = 4 . 3  km, y = IO5 s - ' ,  and = 2x105 s . That  wave  form 
simulates  well  observed K strokes  (ref. I O ) .  The  solid  line  in  Fig. 5 is  the 
dipole  approximation  over  a  perfectly  conducting  earth.  The  dashed  line  takes 
into  account  the  finite  electric  conductivity  of  the  earth'  surface,  and  the 
dotted  line  is  derived  from  the  exact  formula (17) .  

-7 
I I 

SPECTRAL  AMPLITUDES AND FINITE  ELECTRIC  CONDUCTIVITY OF THE  EARTH 

The  spectal  amplitude of E of  the  radiation  component of the  dipole 
approximation  over  a  perfectly  conducting  earth  is z 

and a corresponding  form  for ( y , 6 ) .  Maximum  spectral  amplitudes  are at 

4s 
wO 

(22) 

= LT 
The  influence of the  finite  electric  conductivity  of  the  earth  surface 

on the  ground  wave  can  approximately  be  taken  into  account  by  the  transmission 
function (ref. 4 )  

2 X e  
iwr 

2 W ( P , W )  = (23)  
(X-i W) 

with X = 2chcp o / p  ; = 
TI 

o E  

Thus,  the  spectral  amplitude  of  the  ground  wave  over  an  imperfectly 
conducting  earth  becomes 
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The  magnitude  of fi increases  proportional  to w for w << wo apd  decreases 
proportional  to I/w for E >> w . The  magnitude  of  the  product WE ip ( 2 4 )  
decreases  proportional  to 1 /w3  for w >> X, that is  for  frequencieg  f = 200 
kHz if aE = S/m. This can  be  seen in Fig. 6 where the  spectral  amplitudes 
of  a  serles  of  model  sferic  wave  forms  are  plotted  versus  frequency.  The 
symbols "R" and "K" are  related  to  the  type 2 wave  forms in Figs. 4 and 5. The 
symbols  and "R I' are  related  to  type I currents  derived  from  Bruce- 
Golde's formufa (ref. $)$'The dotted  line in Fig. 6 has  been calculated  for  a 
perfectly  conducting  earth. 

'lRfir t 

The  spectral  amplitude  of  the  type 2 R  stroke  peaks  near 4 kHz in 
reasonable  agreement  with  observations (ref. 1 1 ) .  The  amplitude  of  the K 
stroke  peaks  near 35 kHz, and  those  of  the  type 1 R strokes  peak  near 10 kHz. 
The slow tail  of  the  type 1 subsequent  strokes is  represented  by  the  broad 
maximum  with  relatively  large  amplitudes  at  low  frequencies  in  the  curves 
11 

Rsubs 
I1  in  Fig. 6. 

The  imperfectly  conducting  earth  modifies  the  wave  forms  in  the  time 
domain  in  such  a  manner  that  the  maximum  amplitude  of  the  radiation  component 
decreases  and  the  rise  time  to  that  first  maximum  increases  with  increasing 
distance  and/or  decreasing  electric  conductivity  of  the  earth's  surface.  The 
observed  rise  times of about 3 U S  in  the  case of R strokes is consistent  with 
a conductivity of about u = S/m (Fig. 4 and  ref. 4 ) .  The  rise  time  also 

depends on the  pulse  length. For K strokes  with  pulse  lengths of the  order of 
20 U S  as in Fig. 5, the  rise  time is already 2 us at 25 km distance. 

E 
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TABLE 1 

- e  
B 
a 2Btc 

. - . -_ .. . "  _ .  - - ,  .. .. ." .. . . 
Damped  Oscillation  (Type 2) 

- . - I 

2 2 E2 (y +6 )-{cos 6t - - Y sin 6t)e -Y t 
C 
2 6 

- {cos 6t + - Y sin  6tl  e -Y t 6 

2Y E e 

I 6 - artan(-) 6 Y 

Wave forms of  radiation  component ( G I ) ,  of  induction  component (G ),and of 
electrostatic  component (G ) to  be  included in E q . ( 1 7 ) .  Note  that  the  time 
t must be replaced  by  the  retarded  time  t in (17). R is the ratio  between 
first  maximum  and  first  minimum  of  the  ra8iation  component G t, is  the 
time  of  crossover  from  positive  to  negative  values of G 

2 
3 

1 
1 '  

1 '  
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Figure 1. 

.I I IO 100 
Reduced  Channel  Length 2n-1 (km) 

# -  Solutions  of the  eigenvalue  equation ( 8 ) .  Isolines of d B  
(solid  lines)  and  of y and 6 (dashed  lines),  respectively,  as  functions 
of the  reduced  channel  length En and  of  the  diameter d. The  electric 
conductivity  is  assumed  to  be 0 = l o 4  S/m. The fat dash-dotted  line 
separates  the (a,B) regime  from  the (y ,6) regime.  The (a,B) regime is 
related  to  aperiodic  variations  (type l ) ,  the (y,6) regime  is  related  to 
damped  oscillations  (type 2). The  right  ordinate  is  scaled  according  to 
R/E = 4/(0md2). The thin  dotted  line  indicates  the  limit  of  validity of 
eq. ( 8 ) .  The  solid  dots  give  the  locations  of the parameters  of  the 
type 1 first  return  stroke  and of the  type 1 subsequent  return  stroke 
(lower  series  of  dots).  The  circles  give  the  locations of the  type  2 
return  stroke (R) and of the  type  2 K stroke (K). 
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E L E C T R I C  C H A R G E  

C U R R E N T  I I E N S L T Y  

T = l p  T = 10 ps T = 100 ps 

Figure 2.- Discharging of a point  charge on an  ideal  grounded  wire  which is 
situated at  height zo at time t = 0. Three  different  stages for the 
charge and  the current  configuration  along  the  wire are shown  (not to 
scale) at times t1 = 1 ps, t2 = 10 ps, and  t3 = 100 ps. 

15 



z' H 

Figure  3.-  Geometry of a v e r t i c a l   l i g h t n i n g   c h a n n e l   a n d  i ts  image. 
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IC I. 

I I n t t Y 5 ~  

Figure 4.- Type 2 return  stroke.  Calculated  vertical  electric  field  (left) 
and  azimuthal magnetic  field  (right)  versus  time at three  different  dis- 
tances  of 1, 10,  and 200 km. Solid  lines:  total  field. Dashed lines: 
radiation  component  (m = 1 ) ,  induction  component  (m = 2), and  electrosta- 
tic  component  (m = 3 ) .  Dash-dotted  lines:  total  field  of  dipole  approx- 
imation  (eq. 19). The  scaling on the  right  ordinate  in LIT (=10'6T) and 
in nT (=l O'9T) , respectively,  equals  the  scaling on the  left  ordinate  in 
Volt/m  if  the  magnetic  field is multiplied  by  the  speed  of  light.  The 
dotted  lines  are  from observations (ref. 7 ) .  Note  that  the  scaling  of  the 
dipole  field  and  of  the  observations at 1 km  distance is logarithmic. 
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TYPE 2 K STROKE ( N  = 1) 

I I I "I 

H =  ~ K M  

- .. " .- 

0 lG 20 30 
t' (ps) 

Figure 5 . -  Radiation  component (m = 1) of a  type 2 K stroke  normalized to  a  dis- 
tance of 1 km (D = 1 ) .  The distance  from  the  lightning  channel  is 25 km, the 
center  of  the  channel  is  at 5 km altitude. Solid line:  dipole  approximation 
over  a  perfectly  conducting  earth  (eq. 19). Dashed line:  dipole  approxima- 
tion  over an imperfectly  conducting  earth  with  conductivity UE = S/m. 
Dotted line: exact  calculation  over  a  perfectly  conducting  earth  (eq. 1 7 ) .  
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Figure 6.- Spectral ampl i tudes   versus   f requency  of t h e  d ipole  approximations 
of t h e   r a d i a t i o n  component (m = 1) of R and of K strokes a t  100 km 
d i s t ance   ove r   an   imper fec t ly   conduc t ing   ea r th  (% = l 0'3 S/m) . The  dashed 
curve  is t h e  sum of t h e   t h r e e  modes (n = 1 I 2, and 3)  of t h e  type 1 subse- 
quent  stroke. The dotted l i n e   g i v e s   t h e  spectral  ampl i tude  of t h e  type 1 
f i r s t  r e t u r n  stroke over  a p e r f e c t l y   c o n d u c t i n g   e a r t h .  
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CALCULATIONS  OF  LIGHTNING  RETURN  STROKE  ELECTRIC 

AND  MAGNETIC  FIELDS ABOVE GROUND 
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Department  of  Electrical  Engineering 

University  of  Florida 
Gainesville, FL 32611 
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INTRODUCTION 

Lin et  al. [l] have  recently  introduced  a new lightning  return  stroke  model 
with  which  the  two-station  electric  and  magnetic  fields  measured  at groundlevel 
by  et  al. [2] can be reproduced.  Here,  we  use  that  model to compute 
fields  at  altitudes  up  to 10 km  and  at  ranges  from 20 m to 10 km. These  calcu- 
lations  provide  the  first  detailed  estimates  of  the  return  strokes  fields  that 
are  encountered  by  aircraft  in  flight.  With  the  advent  of  modern  aircraft 
utilizing  low  voltage  digital  electronics  and  reduced  electromagnetic  shielding 
by  way  of structures  containing  advanced  composite  materials [ 3 ] ,  these  calcula- 
tions are of considerable  practical  interest.  Further,  since  airborne  electric 
and  magnetic  field  measurements  are  presently  being  attempted [4], a  comparison 
of  the  calculations  presented  in  this  paper  with  appropriate  experimental data, 
when  they  are  available,  will  constitute a test  of the  return  stroke  model. 

THEORY 

We  model the  lightning  return  stroke  current  as  contained  in  a  thin  verti- 
cal  wire of height H above  a  perfectly  conducting  ground  plane.  The  electric 
and  magnetic  fields  at  altitude z and range  r  from  a  vertical  dipole  at  height 
Z of  current  i(z,t)  are: 
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t 
2 (z  - Z) - r  2 2  

+ i2(' -R:'2 - r2 * 1 i(Z,-c - R/c)d-r + 
cR3 

- i ( Z , t  - R/c) 

0 

-f PodZ 
d B ( x , y , z , t )  = - i ( Z , t  - R/c) + - * 4 T R  5 C R  a t  

r a i ( z , t  - R/C) 

w h e r e   e q u a t i o n s   ( 1 )   a n d   ( 2 )   a r e   e x p r e s s e d   i n   c y l i n d r i c a l   c o o r d i n a t e s ;  a l l  
g e o m e t r i c a l   f a c t o r s   i n v o l v e d   i n   t h e s e   e q u a t i o n s  a r e  d e f i n e d   i n   F i g .  1. 
Equat ions  (1)   and  (2)  are o b t a i n e d   i n  a s t r a igh t fo rward   manner   u s inganapproach  
similar t o   t h a t   o f  Uman e t  a l .  [5]. The e f f e c t s   o f   t h e   p e r f e c t l y   c o n d u c t i n g  
ground  plane are inc luded   by   pos tu l a t ing   an   image   cu r ren t   d ipo le   benea th   t he  
p l ane .  The e l ec t r i c  and   magne t i c   f i e lds   due   t o   t he   image   d ipo le  may be  
o b t a i n e d   b y   s u b s t i t u t i n g  RI f o r  R and -ZI f o r  Z i n   e q u a t i o n s  (1) and  (2)  above. 
The c o n t r i b u t i o n s   t o   t h e   f i e l d s   f r o m   a n   e l e m e n t a l   s o u r c e  a t  h e i g h t  Z and i t s  
image a t  -Z a re  equa l  when t h e   f i e l d   p o i n t  i s  on the  ground  [5]. Above 
ground level ,  t h e   c o n t r i b u t i o n   o f   t h e   i m a g e   t o   t h e   t o t a l   f i e l d  i s  smaller than  
t h e   c o n t r i b u t i o n   o f   t h e   s o u r c e .  Above g round   and   ve ry   c lose   t o   t he   channe l ,  
t h e  image   cont r ibu t ion  i s  n e g l i g i b l e .  

-__ 

The  model of   L in  e t  a l .  [l] d e s c r i b e s   t h e   c u r r e n t   i n   t h e   r e t u r n   s t r o k e  as  
be ing  composed o f   t h e   t h r e e   c o m p o n e n t s   i l l u s t r a t e d   i n   F i g .  2 and  3:   (a) a 
short-durat ion  upward-propagat ing  pulse   of   current   associated  with  the  upward-  
p r o p a g a t i n g   r e t u r n - s t r o k e  e l ec t r i ca l  b reakdown  and   r e spons ib l e   fo r   t he   peak  
c u r r e n t   v a l u e ;   ( b )  a uniform  current   which may a l r e a d y   b e   f l o w i n g   ( l e a d e r  
c u r r e n t )   o r  may start t o   f l o w   s o o n   a f t e r   t h e  commencement o f t h e   r e t u r n   s t r o k e ;  
and  (c)  a "corona"   cur ren t   caused   by   the   rad ia l ly   inward   and   then  downward 
movement o f   t h e   c h a r g e   i n i t i a l l y   s t o r e d   t o   t h e   c o r o n a   s h e a t h   a r o u n d   t h e   l e a d e r  
channe l   and   d i scha rged   by   t he   r e tu rn   s t roke  wave f r o n t .  

We c a l c u l a t e   t h e  e l ec t r i c  and   magne t i c   f i e lds   f rom  equa t ions   (1 )   and   (2 )  
f o r  a r e l a t i v e l y   l a r g e   s u b s e q u e n t   s t r o k e .  The p a r a m e t e r s   o f   t h e   t h r e e   c u r r e n t  
components a re  [I] : 

(a)   peak  breakdown  current   pulse:50 kA; z e r o   t o   p e a k  risetime:1.8 us; 
f a l l  time t o   h a l f   v a l u e : 3 . 8  vs; 

(b) u n i f o r m   c u r r e n t :  7000 A; 
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(c>. c o r o n a   c u r r e n t   i n j e c t e d   p e r  meter of  channel:  Ioe (e -Z/X -at e-f3t) , 
w i t h  Io = 50.41  A/m, X = 2700 m y  ~1 = 10 5 s e c - l ,  f3 = 3 x l o 6  sec-1. 

For t h i s   s t r o k e ,   t h e   i n i t i a l   l e a d e r   c h a r g e  is 1 . 2  C y  and t h e   t o t a l   c u r r e n t  a t  
ground level i s  shown i n   F i g .  3 .  The r e t u r n   s t r o k e   v e l o c i t y i s c h o s e n   c o n s t a n t  
a t  1 x lo8  m/sec i n  a s t r a i g h t ,   v e r t i c a l   c h a n n e l   o f  7 .5  km l e n g t h .  

We examine   on ly   t he   subsequen t   s t roke   f i e lds ' because   subsequen t   s t rokes  
are more  adequately  modeled  by  the  technique  of   Lin e t  a l .  [l] t h a n   a . r e   f i r s t  
s t rokes :   subsequents   have   few,   i f   any ,   b ranches  my r o u g h l y   c o n s t a n t  
l u m i n o s i t i e s   a n d   r e t u r n   s t r o k e   v e l o c i t i e s   w i t h   h e i g h t  [6], and are probably  
i n i t i a t e d  a t  ground level r a the r   t han   by   upward -go ing   l eade r s .   Fo r   t h i s  
r eason ,  i t  i s  s u b s e q u e n t   s t r o k e   f i e l d s   w i t h   w h i c h  LA e t  a l .  [l] have   pr imar i ly  
t e s t e d   t h e   m o d e l   f r o m   w h i c h   t h e   f i e l d s   p r e s e n t e d   i n   t h i s   p a p e r  are c a l c u l a t e d .  
On t h e   o t h e r   h a n d ,   f i r s t   a n d   s u b s e q u e n t   s t r o k e   m e a s u r e d   f i e l d s  a t  g round   l eve l  
a r e  similar [2],  and   t he   mode l ing   o f   f i r s t   s t rokes   can   be   success fu l ly   done  
wi th  a c o n s t a n t   r e t u r n   s t r o k e   v e l o c i t y ,   e v e n   t h o u g h   t h i s  i s  p r o b a b l y   t h e   c a s e  
o n l y   u n t i l   t h e   f i r s t   m a j o r   b r a n c h  is  reached [ S i ,  and  with a co rona   cu r ren t  
d e l a y   h e i g h t   a b o u t   t w i c e   t h a t   t y p i c a l  of subsequen t   s t rokes  [l]. 
Thus ,   one   wou ld   expec t   t he   ca l cu la t ed   a i rbo rne   subsequen t   s t roke   f i e lds   t o   be  
q u a l i t a t i v e l y  similar t o   t h o s e   f r o m   f i r s t   s t r o k e s .  The  subsequent   s t roke w e  
have  modeled i s  a t   t h e   u p p e r  end  of   the  peak  current   and  charge  t ransfer  
spectrum [l] and  hence t o   t h a t   e x t e n t  i s  s i m i l a r   t o  a f i r s t   s t r o k e .  

The f i e l d s   c a l c u l a t e d   f r o m   t h e   c u r r e n t  parameters g i v e n   i n   t h e   p r e v i o u s  
paragraph  are  adequa te   t o   p roduce   r easonab le   f i e lds  a t  g round   l eve l ,  as shown 
by L i n   e t  a l .  [l]. F u r t h e r ,   t h e   f i e l d s  a t  ground  leve l  are  no t   i n f luenced  much 
i f   t h e   i n i t i a l  breakdown  pulse  has a c u r r e n t   w h i c h   d e c r e a s e s   w i t h   h e i g h t ,  
as i s  c e r t a i n l y   t h e   c a s e   w i t h   f i r s t   s t r o k e s .  However, t he   f i e lds   above   g round  
are  inf luenced   by   the   decrease   o f   the   b reakdown  cur ren t   pu lse   wi th   he ight ,   an  
e f f e c t  w e  w i l l  d i s c u s s  l a t e r .  

RESULTS 

C a l c u l a t e d   v e r t i c a l   a n d   h o r i z o n t a l   e l e c t r i c  are shown i n   F i g s .  4a and  4b, 
r e s p e c t i v e l y ,  and c a l c u l a t e d   m a g n e t i c   f i e l d s   i n   F i g .  4c .  A l l  i n d i c a t e d  times 
are  r e l a t i v e   t o   t h e  start  of t h e   r e t u r n   s t r o k e   c u r r e n t  a t  ground  leve l .  The 
s l a n t e d   l i n e s   i n   t h e   f i g u r e s   i n d i c a t e   t h e  t i m e  a t  w h i c h   t h e   r e t u r n   s t r o k e  
wavef ron t   pas ses   each   he igh t .  A number  of f e a t u r e s  of t h e   c a l c u l a t e d  waveforms 
are worthy  of  note.  

1. A t  r anges  less than   abou t  200 m t h e   e l e c t r i c  and   magnet ic   f ie lds   above  
ground  reach  peak  value a t  a b o u t   t h e  t i m e  a t  which   the   re turn   s t roke   b reakdown 
p u l s e   c u r r e n t  is  a t  t h e  same a l t i t u d e  as  t h e   f i e l d   p o i n t .  The h o r i z o n t a l  
e l e c t r i c   f i e l d  rise t i m e  is  about  1.8 sec w i t h  a dE of   about  200 kV/m/ps a t  
20 m. 

2. A t  less than   abou t  200 m r a n g e   t h e   v e r t i c a l   e l e c t r i c   f i e l d   a b o v e   g r o u n d  i s  
b ipo la r   due   t o   t he   pas sage   f rom  be low  to   above   o f   t he   cha rge   a s soc ia t ed   w i th  

d t  
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breakdown p u l s e   c u r r e n t .  A s  one   moves   f a r the r  away  from t h e   c h a n n e l ,   o r  is 
n e a r   t h e   g r o u n d ,  t h i s  e f f e c t  is reduced.  

3 .  A t  less than   abou t  1 km r a n g e   t h e   p e a k   v a l u e   o f   t h e   h o r i z o n t a l  e lectr ic  
f i e ld   above   g round  i s  much l a r g e r   t h a n   t h e  ve r t i ca l  e lec t r ic  f i e l d  component. 
The h o r i z o n t a l   a n d  ver t ica l  f i e lds   above   g round  are rough ly   equa l   i n   magn i tude  
i n  the 3 km r a n g e ,   a n d   t h e  ver t ica l  f i e l d  i s  l a r g e r  beyond  about 10 km. 
4 .  The m a g n e t i c   f i e l d   a n d   t h e  ver t ica l  e l ec t r i c  f i e l d  a t  about  10 km range  and 
beyond are r e l a t i v e l y  week f u n c t i o n s   o f   a l t i t u d e  so that   measurements   taken  on 
t h e   g r o u n d   o r   i n   t h e  a i r  beyond 10 km s h o u l d   y i e l d   e s s e n t i a l l y  similar r e s u l t s ,  
t hus   p rov id ing  a t e c h n i q u e   f o r   c a l i b r a t i o n   o f   t h e   a i r b o r n e   m e a s u r e m e n t s .  The 
h o r i z o n t a l  e l ec t r i c  f ie ld   above   ground  has  a similar s h a p e   t o   t h e  ve r t i ca l  
e lec t r ic  f i e l d .  

5. The f i e l d   d i s c o n t i n u i t i e s   a s s o c i a t e d   w i t h   t h e   i d e a l i z e d   e n d s   o f   t h e  real 
and ima e channels  are  shown i n   F i g .   4 a ,   b ,  c ,  b u t   d o   n o t   u s u a l l y   o c c u r   i n  
n a t u r e  f21. 

DISCUSSION 

The f a c t   t h a t   t h e   v e r y   c l o s e   f i e l d s  are  similar as a func t ion   o f   he igh t  
i s  r e l a t ed   t o   t he   cons t ancy   w i th   he igh t   o f   t he   upward -p ropaga t ing   b reakdown 
c u r r e n t   p u l s e .   F u r t h e r ,   t h e   d i s c o n t i n u i t i e s   i n   t h e   w a v e f o r m s  a t  l a t e  times 
are d u e   t o   t h i s   c u r r e n t   p u l s e   t u r n i n g   o f f  as i t  r e a c h e s   t h e   e n d   o f   b o t h   t h e  
source  and  image  channels .  It is l i k e l y   t h a t   t h e   a c t u a l  breakdown  current 
p u l s e  w i l l  d e c r e a s e   w i t h   h e i g h t ,  as has   been  shown t o   b e   t h e  case f o r   f i r s t  
s t r o k e s  [ 6 1. The r e s u l t   o f   i n c o r p o r a t i n g  a breakdown  current   pulse   which 
d e c a y s   w i t h   a l t i t u d e   i n   t h e  e lec t r ic  a n d   m a g n e t i c   f i e l d   c a l c u l a t i o n s  i s  t o  
p roduce   f i e lds   wh ich ,  a t  c lose   r ange ,   dec rease   w i th   he igh t ,   and   wh ich   do   no t  
e x h i b i t   t h e  late-time f i e l d   d i s c o n t i n u i t i e s .   D e t a i l e d   c a l c u l a t i o n s   o f   f i e l d s  
f o r  breakdown  current   pulses   which  decay  with  height  w i l l  b e   p u b l i s h e d   i n   t h e  
n e a r   f u t u r e .  
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SUBMICROSECOND  RISETIMES IN LIGHTNING  RADIATION  FIELDS 
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SUMMARY 

Measurements  of  lightning  electric  fields, E, and  dE/dt  signatures  have 
been  made  near  Tampa  Bay,  Florida,  under  conditions  where  the  field  propagation 
from  the  source to the  detector was entirely  over  sea  water.  The  fast  transi- 
tions  found on the  initial  portion of return  stroke E waveforms  have 10-90% 
risetimes  ranging  from  40-200  nsec,  with a mean  of 90 nsec. The maximum  dE/dt 
values  during  these  transitions  range  from  5-80  (V/m)  psec-l,  with a mean of 
about 30 (V/m) psec-’  when  normalized to a distance  of 100 km.  The  initial 
risetimes  of  stepped-leader  impulses  that  occur  just  prior  to  the  first  return 
stroke  in  cloud-to-ground  flashes  are  very  similar to the  fast  transitions  in 
return  strokes.  The  dE/dt  values  during  leader  steps  range  from 10-40 (V/m) 
psec-l  with a mean of 20 (V/m)  psec-l  when  normalized  to 100 km.  The  fast 
impulses  superimposed  on  large-amplitude  intracloud  waveforms  have E risetimes 
and  dE/dt  values  similar to those  of  the  leader  steps. 

INTRODUCTION 

In recent  years,  there  has  been  increasing  evidence  that  lightning  radia- 
tion  fields  contain  large,  submicrosecond  variations  and  that  the  corresponding 
lightning  currents  may be considerably  faster  than  previously  thought.  Weidman 
and  Krider  (ref. 1) have  found  large,  submicrosecond  transitions  in  the  fields 
produced  by  return  strokes,  the  large  current  surges  produced  by  discharges  to 
ground.  Krider et a l .  (ref. 2 )  have  found  submicrosecond  risetimes  in  the 
stepped-leader  impulses  which  precede  return  strokes;  and  Weidman  and  Krider 
(ref. 3) have  also  found  large,  submicrosecond  components  in  the  fields pro- 
duced  by  cloud  discharges.  In  all of the  measurements  referenced  above,  the 
field  recording  system  was  limited  by a response  time  of  about 150 nsec 
(ref. 2), and  many  field  risetimes  were  essentially  at  this  limit. 

Since  the  interactions of lightning  with  aircraft,  space  vehicles,  power 
systems,  structures,  etc.,  are  critically  dependent  on  the  field  and  current 
risetimes, we have  endeavored  to  make  improved  measurements of lightning  field 
risetimes. A recording  system was assembled  which  had a response  time of about 
10 nsec  on  the  time-derivative  of  the  electric  field, dE/dt, and  about 40 nsec 
or  less on the  electric  field, E. Great  care  was  taken to  record  the  fields  on 
several  time  scales  simultaneously so that  the  type  of  lightning  impulse  and 
the  time  at  which  it  occurred within  the  discharge  could  be  accurately  deter- 
mined.  The  experiment  was  located  in a region  where  the  lightning  locations 
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were known a n d   w h e r e   t h e   f i e l d s   w o u l d   n o t   b e   d i s t o r t e d   b y   p r o p a g a t i o n   b e f o r e  
t h e y   r e a c h e d   t h e   r e c o r d i n g   a p p a r a t u s .  

MEASUREMENTS 

A block  schematic   diagram  of   the  measuring  equipment  i s  shown i n   f i g u r e  1. 
Two c i r c u l a r   f l a t   p l a t e   a n t e n n a s  (0.2 m2) w i t h   g u a r d   r i n g s  were mounted  on  the 
roof   of  a grounded metal bus   t ha t   housed   t he   r eco rd ing   appa ra tus .  The v e h i c l e  
w a s  l oca t ed   approx ima te ly  10 m from a sea w a l l  on   t he   no r theas t   edge   o f  Anna 
Maria Is land,   which is  a t  t h e   s o u t h e r n   e n t r a n c e   t o  Tampa Bay,   Flor ida.  From 
t h a t   l o c a t i o n ,   a n y   l i g h t n i n g   f i e l d   t h a t   o r i g i n a t e d   w i t h i n  a broad area from 
100 km t o   t h e   n o r t h w e s t   t o   a b o u t  50 km t o   t h e   n o r t h e a s t  would  propagate 
e n t i r e l y   o v e r  sea water t o   t h e   r e c o r d i n g  s i t e .  The l e f t   a n t e n n a   i n   f i g u r e  1 
w a s  c e n t e r e d   o n   t h e   b u s   a n d   h o r i z o n t a l ,  so  t h a t   a n y  e l ec t r i c  f i e ld   wh ich   migh t  
be  produced  by  vehicle  resonances  would  be a minimum. The  bus w a s  grounded  to  
a salt-water ground  plane  (about  1 m below  the  sandy  surface)   by  one  copper-  
c l a d  steel  rod   on   each   o f   t he   fou r   s ides   o f   t he   bus .  One end  of a 10x10 m 2  
wire mesh ground  plane was a t t ached   t o   t he   bus ,   and   t he   o the r   end  w a s  immersed 
i n  sea water. 

To o b t a i n  a s i g n a l   p r o p o r t i o n a l   t o   d E / d t ,   t h e   o u t p u t   o f   t h e   l e f t   a n t e n n a  
i n   f i g u r e  1 w a s  c o n n e c t e d   d i r e c t l y   t o   t h e   i n p u t   o f  a Tek t ron ix  7834 s t o r a g e  
osc i l l o scope   t h rough  a s h o r t   p i e c e   o f   c o a x i a l   c a b l e   t h a t  w a s  t e r m i n a t e d   i n   t h e  
c h a r a c t e r i s t i c   c a b l e   i m p e d a n c e  (50 R ) .  The r e sponse  t i m e  o f   the   an tenna ,  
cab le ,   and   o sc i l l o scope   sys t em w a s  approximate ly  10 nsec ,  as shown i n  
f i g u r e  2b. I n   o r d e r   t o   o b t a i n  a s i g n a l   p r o p o r t i o n a l   t o  E ,  t h e  50 R termi- 
n a t i n g   r e s i s t o r   c o u l d   b e   r e p l a c e d   b y  100 kR, s o  t h a t   t h e  combined c a p a c i t a n c e  
of t he   an tenna ,   cab le ,   and   o sc i l l o scope   p reampl i f i e r   (250  pF t o t a l )   a c t e d  as 
a p a s s i v e   i n t e g r a t o r .   T r a v e l l i n g  wave e f f e c t s   i n   t h e   a n t e n n a   c a b l e   l i m i t e d  
the   sys tem risetime i n   t h e  E c o n f i g u r a t i o n   t o   a b o u t  40 nsec ,  as shown i n  
f i g u r e  2a. Norma l ly ,   t he   s to rage   o sc i l l o scope  was t r i g g e r e d   i n t e r n a l l y  when- 
ever t h e   d E / d t   o r  E s i g n a l   e x c e e d e d  a p r e s e t   t h r e s h o l d .  The ga te   ou tput   f rom 
t h e   s t o r a g e   o s c i l l o s c o p e   t r i g g e r e d   t h r e e   B i o m a t i o n   w a v e f o r m   r e c o r d e r s   t h a t  
p rov ided   t he  e l ec t r i c  f ie ld   and   the   Nor th-South   and  East-West components  of 
t h e   m a g n e t i c   f i e l d   o n   s l o w e r  t i m e  scales. The Biomat ion   ou tputs  were d i s -  
played on two time bases   s imu l t aneous ly ,   u s ing  a Tek t ron ix  555 dual-beam 
osc i l loscope .   The   dua l -beam  osc i l loscope  was photographed  using a s t r e a k  
camera. The s t o r a g e   o s c i l l o s c o p e  was o p e r a t e d   i n  a single-sweep mode w i t h  
au tomat i c  reset and was photographed  with a f raming  camera. With the   above  
a r r a n g e m e n t ,   b o t h   f a s t   a n d   s l o w   l i g h t n i n g   s i g n a l s   c o u l d   b e   r e c o r d e d   w i t h  a 
t ime-synchronizat ion  of   about  100 nsec.  

I n   f i g u r e s  3 - 6 ,  w e  present   examples   of  E and   dE/d t   s igna tures   which  were 
p r o d u c e d   b y   ( a )   r e t u r n   s t r o k e s   i n   l i g h t n i n g   d i s c h a r g e s   t o   g r o u n d ,  (.b) l e a d e r  
s t eps   wh ich   p recede   r e tu rn   s t rokes ,   and   ( c )   c loud   d i scha rge   p rocesses   wh ich  
p r e c e d e   g r o u n d   f l a s h e s   o r   w h i c h   o c c u r   i n   i s o l a t i o n .   T h e   l o c a t i o n s   o f   t h e  
l i g h t n i n g   i n   t h e s e   f i g u r e s  were obta ined   f rom  an  LLP l i g h t n i n g   l o c a t i n g   s y s t e m  
ope ra t ed   by   t he  Tampa Electr ic  Company ( r e f .  4 )  a n d / o r   b y   v i s u a l   o b s e r v a t i o n s  
and  f lash-bang time de lays .  
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Examples   o f   r e tu rn - s t roke   f i e lds  are shown i n   f i g u r e  3. Each s i g n a l  i s  
d i sp layed   on   bo th  a f a s t   a n d  a s low t i m e  scale,  either 100 ns/div o r 2 0 0   n s / d i v  
and 4 p s / d i v ,   r e s p e c t i v e l y .   T h e   f a s t   r e c o r d  i s  shown  above t h e   s l o w e r  trace, 
b u t   t h e  time scales h a v e   b e e n   s h i f t e d  so t h a t   t h e   f i e l d   p e a k s  are a l i g n e d  
v e r t i c a l l y .  The v e r t i c a l   g a i n  on t h e   f a s t   r e c o r d  w a s  abou t  twice t h a t   o f   t h e  
s low  record.   The  f ie ld-ampli tude scale shown o n   t h e   l e f t   r e f l e c t s  an a b s o l u t e  
c a l i b r a t i o n   w h i c h  w e  b e l i e v e  is  a c c u r a t e   t o  If: 15%. 

To o b t a i n   t h e   r e c o r d s   i n   f i g u r e  3, t h e   s t o r a g e   o s c i l l o s c o p e   t r i g g e r  level  
w a s  set low, so t h a t   t h e   s y s t e m   t r i g g e r e d   o n   t h e   s l o w   i n i t i a l   p o r t i o n   o f   t h e  
f i e l d .   ( S e e   r e f .  1 f o r  a d i s c u s s i o n   o f   t h e   s t r u c t u r e   o f   r e t u r n - s t r o k e   f i e l d s . )  
Note how a l l  t h e   r e t u r n   s t r o k e s  i n  f i g u r e  3 show a f a s t  rise to   peak   fo l lowing  
a s low  in i t i a l   po r t ion .   The   phys i ca l   p rocesses   wh ich   occu r   be tween   t he  last 
l e a d e r   s t e p   a n d   t h e   o n s e t   o f   t h e   r e t u r n   s t r o k e  are n o t  well  u n d e r s t o o d ( r e f .  11 
b u t  i t  is clear t h a t   l a r g e ,   s u b m i c r o s e c o n d   f i e l d s  are be ing   rad ia ted .   The  
small p u l s e   o n   t h e   i n i t i a l   p o r t i o n   o f   f i g u r e  3b w a s  a r e l a t i v e l y   f r e q u e n t   s i g -  
na ture   which  w e  t h i n k  may have  been  caused  by a l e a d e r   s t e p   f i e l d   b e i n g   s u p e r -  
imposed  on a s lower   re turn-s t roke   f ront .   Note  how t h e  i n i t i a l  s l o p e   o f   t h e  
l e a d e r   s t e p  i s  comparab le   t o   t ha t  of t h e   r e t u r n   s t r o k e .   F i g u r e   3 c  is  an  
example  of  what i s  probably  a r e t u r n   s t r o k e   s u b s e q u e n t   t o   t h e   f i r s t .   N o t e  how 
t h e   r a p i d l y   v a r y i n g   i n i t i a l   f i e l d  i s  similar t o   t h o s e   o f   f i r s t   s t r o k e s   i n  
f igu res   3a   and   3b .   No te   a l so   t ha t   t he   t r ans i t i on   f rom  the   subsequen t   s t roke  
f r o n t   t o   t h e   f a s t  rise to   peak  i s  q u i t e   d i s t i n c t   e v e n   o n   t h e  100 n s l d i v  t i m e  
scale. 

Examples   o f   dE /d t   s igna l s   p roduced   by   t he   f a s t - r i s ing   po r t ions   o f   r e tu rn  
s t r o k e s  are shown i n   f i g u r e  4 .  A 4 p / d i v  E waveform i s  shown a g a i n  as t h e  
lower  waveform  on  each  f lash,   and  the  ver t ical   arrow  shows  the time a t  which 
t h e   s t o r a g e   o s c i l l o s c o p e   t r i g g e r e d .  The dE/dt  waveform i s  shown a t  the   uppe r  
l e f t  on a time scale o f   50   n s /d iv ,  and a c o m p u t e r   i n t e g r a l   o f   t h e   d E / d t   o u t p u t  
i s  shown a t  t h e   u p p e r   r i g h t .   T h e   l o c a t i o n   o f   t h e   d E / d t   b a s e l i n e  w a s  recorded  
f r e q u e n t l y   d u r i n g   t h e   d a t a   r u n s   a n d   h a s   b e e n   d r a w n   o n   e a c h   d E / d t   r e c o r d .  The 
i n i t i a l   p o r t i o n   o f   t h e   d E / d t  waveform was in t e rpo la t ed   smoo th ly   back   t o   ze ro  
to   p roduce   the   computer - in tegra ted   t race .   The   peak   dE/d t   s igna ls   and   the  
s t r u c t u r e   o f   t h e   d E / d t   i n t e g r a l   c u r v e  are v e r y   c o n s i s t e n t   w i t h   t h e  maximum 
s lopes   and   shapes   o f   t he   r eco rds  shown i n   f i g u r e  3 a f t e r   r a n g e   n o r m a l i z a t i o n .  

F igu re  5 shows E ,  dE/dt ,   and B r e c o r d s   f o r  a s t epped- l eade r   impu l se   t ha t  
p r e c e d e d   t h e   f i r s t   r e t u r n   s t r o k e   i n  a f l a s h  by  about  130  psec.  Here, t h e  
d E / d t   s i g n a t u r e  i s  f a s t   a n d   n a r r o w ,   a n d   t h e  10-90% E risetime i s  abou t   50nsec .  

F igure  6 shows four   examples   o f   the  e l ec t r i c  f i e l d s   r a d i a t e d   b y   c l o u d d i s -  
charges .  Waveforms such as these   t end   to   be   p roduced   by   the   c loud   breakdown 
t h a t   p r e c e d e s   f l a s h e s   t o   g r o u n d   ( r e f .   3 ) ,   a n d   t h e y   u s u a l l y   o c c u r  as p a r t   o f  a 
rap id   sequence   of   pu lses .  I t  is  clear  from f i g u r e  6 t h a t   t h e   f a s t  components 
of   c loud  impulses  a l s o  have  submicrosecond risetimes, a n d   t h a t  risetimes and 
s l o p e   v a l u e s  are similar t o   t h o s e   o f   l e a d e r   s t e p s .  
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CONCLUSIONS 

Measurements  of  the  fast-field  transitions  found  on  the  initial  portion  of 
125  return  strokes  show  10-90%  risetimes in the  range  from  40-200  nsec  with  a 
mean  of 90 nsec, as shown in figure 7. Figure 8 summarizes  measurements  of  the 
maximum  slopes  on  E  field  records and  the  peak  dE/dt  signals  for 97 return 
strokes.  Maximum  field  derivatives  range  from 5-80 (V/m) psec-' with  a  mean  of 
about 30 (V/m) usee-' when  normalized to a  distance of 100 km using an  inverse 
distance  relation. The  risetimes of individual  leader  steps  are  similar to  the 
fast  portions  of  return  strokes,  and  the  dE/dt  values  of  18  steps  range  from 
10-40 (V/m> Psec-l,  when  normalized to 100 km, with  a  mean of 21 (V/m)  ysec-'. 
The  fast  pulses  superimposed  on  large  cloud  impulses  have  risetimes and  maximum 
dE/dt  values  similar  to  leader  steps. 

Since  the  submicrosecond  variations in the  lightning  fields  are  large  and 
since  similar  variations  must  be  present in the lightning  currents (ref. l), 
these  fields  and  the  physical  processes  which  produce  them  will  be  the  objects 
of a  continuing  study. 
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Figure 1 . -  A block diagram of the  recording  system. 
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Figure 2.- the  response times of (a) the  E and (b) the aE/dt recording 
systems. The time s c a l e   i n  (a) is 50 nsec/div and i n  (b) is 10  nsec/div.  
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F i g u r e  3. -  Electric f i e l d  waveforms  produced by t h r e e   l i g h t n i n g   r e t u r n  strokes. 
The same waveform is shown on  both a slow ( 4  ps /d iv)   and  a f a s t  (200 ns /d iv  
i n  A and B, 100 n s / d i v   i n  C) time scale. The f i e ld  ampl i tude  is shown 
to t h e   l e f t   o f   t h e  lower record. The v e r t i c a l   g a i n   o f   t h e   u p p e r  trace is 
twice t h a t  ( x 2 )  of t h e  lower trace. The  range, R,  to t h e   l i g h t n i n g  dis- 
c h a r g e , i s  shown €or e a c h   f l a s h .  
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Figure 4.- Examples of E and dE/dt signals  radiated by three  return 
strokes. The dE/dt amplitude scale is shown a t  the  top l e f t  of 
stroke A and is the same for a l l   three discharges. A l l  dE/dt 
records and their computer integrals  are shown  on a 50 ns/div time 
scale. The starting p o i n t  of the dE/dt: record  has been indicated 
by a vertical arrow on the E record. 
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Figure  5 . -  The E, dE/dt, and B f i e lds   p roduced  by a stepped-leader  impulse.  
The dE/dt record and its computer i n t e g r a l  are shown a t  the  upper l e f t  
and  upper r i g h t   c o r n e r s ,   r e s p e c t i v e l y ,  on time scales of  50 ns/div. The 
electric f i e l d  and the  NS and EW components   of   the   magnet ic   f ie ld  are shown 
below on time scales of 4 ps/div  and 20 ps /d iv ,   respec t ive ly .  The s t a r t i n g  
p o i n t  of t h e  dE/dt record is ind ica t ed  by t h e   v e r t i c a l  arrow on  the slow 
electric and  magnetic f i e l d  records. 
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Figure 6.-  E waveforms produced by four intracloud  discharges. Each event is 

shown on a slaw ( 4  ps/div)  and a fas t  (200 ns/div i n  A and B, 500 ns/div 
i n  C and D) time scale. The amplitude scale of a l l  slow records is 
shown to  the  left of A. The vertical gain of the upper trace is twice 
that of the lower trace i n  each example. Corresponding peaks on each time 
scale have  been identified wi th  a lower case letter  for each event. These 
discharges  occurred over s a l t  water approximately 15-25 km from the record- 
ing site.  
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Figure 7.- A histogram of the 10-90% r i se t imes  of t h e   f a s t - f i e l d   t r a n s i t i o n s  

produced by return  strokes.  The number of measurements, N,  the  mean, 
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shows the   l oca t ion  of the  computed mean. 
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MEASUREMENT  OF ELECTROMAGNETIC PROPERTIES 
OF LIGHTNING WITH 10 NANOSECOND RESOLUTION 

C. E .  Baum, E .  L. Breen,  and J .  P. O ' N e i l l  
A i r  Force  Weapons Labora tory  

C .  B. Moore and D .  L.  Hal l  
New Mexico Ins t i t u t e   o f   Min ing   and   Techno logy  

ABS TRACT 

T h i s   p a p e r   p r e s e n t s   e l e c t r o m a g n e t i c   d a t a   r e c o r d e d   f r o m   l i g h t n i n g   s t r i k e s .  
The d a t a   a n a l y s i s  reveals g e n e r a l   c h a r a c t e r i s t i c s  of f a s t   e l e c t r o m a g n e t i c   f i e l d s  
measured a t  the   g round   i nc lud ing  rise times, ampli tudes,   and time p a t t e r n s .  A 
look a t  t h e   e l e c t r o m a g n e t i c   s t r u c t u r e  of l i g h t n i n g  shows t h a t   t h e   s h o r t e s t  rise 
times i n   t h e   v i c i n i t y  of 30 n s  are a s s o c i a t e d   w i t h   l e a d e r  streamers. L i g h t n i n g  
l o c a t i o n  i s  b a s e d   o n   e l e c t r o m a g n e t i c   f i e l d   c h a r a c t e r i s t i c s   a n d  i s  compared t o  
a nearby  sky  camera.  The f i e l d s   f r o m   b o t h   l e a d e r s   a n d   r e t u r n   s t r o k e s   h a v e   b e e n  
measured  and a r e   d i s c u s s e d .  

The d a t a  were obta ined   dur ing   1978  and   1979  f rom  l igh tn ing   s t r ikes   occur -  
r i n g   w i t h i n  5 k i lome te r s   o f   an   unde rg round   me ta l   i n s t rumen ta t ion  room l o c a t e d  
on South  Baldy  peak  near   Langmuir   Laboratory,  New Mexico.  The  computer  con- 
t r o l l e d   i n s t r u m e n t a t i o n   c o n s i s t e d  o f   s enso r s   p rev ious ly   u sed   fo r   measu r ing   t he  
n u c l e a r   e l e c t r o m a g n e t i c   p u l s e  (Em) a n d   a n a l o g - d i g i t a l   r e c o r d e r s   w i t h  10 n s  
sampling,  256 l e v e l s   o f   r e s o l u t i o n ,   a n d  2 k i l o b y t e s  of i n t e r n a l  memory. 

I .  INTRODUCTION 

I n   t h e  summers of  1978  and  1979 a se t  of  measurements  of  the  electromag- 
n e t i c   f i e l d s   f r o m   n a t u r a l   l i g h t n i n g  was  made n e a r   t h e   t o p  of South  Baldy  peak 
( e l eva t ion   3275  m) which  a lso  houses   Langmuir   Laboratory  near   Socorro,  New 
Mexico, U.S.A.  A s  w i l l  b e   d i s c u s s e d   i n   t h i s   p a p e r   t h e   d a t a   c o n s i s t  of time 
waveforms  of  about  20 us d u r a t i o n  a t  a 1 0   n s   s a m p l e   s p a c i n g   f o r   t h e   t h r e e   e l e c -  
t r o m a g n e t i c   f i e l d   c o m p o n e n t s   ( o n e   e l e c t r i c   a n d  two magne t i c )   wh ich   ex i s t  
a d j a c e n t   t o  a conduct ing   ground  p lane   on   top   o f   the   ' ' i ron   Kiva"   (or   Kiva)   (our  
s c r e e n  room b u r i e d   i n   t h e   t o p   o f   t h e   m o u n t a i n )   a n d   t h e   s u r r o u n d i n g   e a r t h   s u r f a c e  
( s e e   f i g .   1 . 1 ) .  The de t a i l s  of t h e   i n s t r u m e n t a t i o n   s y s t e m  are  d i s c u s s e d   i n  
a n o t h e r   p a p e r   ( r e f .  5 ) .  

A s  background,   these   measurements   resu l ted   f rom some i n t e r e s t   i n   t h e   d i f -  
f e r e n c e   b e t w e e n   l i g h t n i n g   a n d   t h e   n u c l e a r   e l e c t r o m a g n e t i c   p u l s e .   F o r   n u c l e a r  
d e t e c t i o n   p u r p o s e s  i t  is d e s i r a b l e   t o   r e l i a b l y   d e t e c t  a n u c l e a r  EMP e v e n t  
w i t h o u t   f a l s e   t r i g g e r i n g   b y   l i g h t n i n g .   T h e  ARGUS-1A d e t e c t o r   s y s t e m  w a s  
d e s i g n e d   w i t h   t h e   h i g h   a l t i t u d e  EMP envi ronment   in   mind   ( re f .  2 ) .  F o r   t h i s  
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purpose   magnet ic   ( loop)   sensors  were used   t o   avo id   t he   l ow- f requency  e lec t r ic  
f i e l d  f rom l i g h t n i n g   a n d   l o c a l   s t a t i c   c h a r g i n g   e f f e c t s .   I n   a d d i t i o n   t h e  sen- 
s o r s   r e s p o n d   t o   t h e   d e r i v a t i v e   o f   t h e   f i e l d   t o   e m p h a s i z e   t h e   h i g h   f r e q u e n c i e s  
p r e s e n t   i n   t h e   h i g h - a l t i t u d e   n u c l e a r  EMP. E s s e n t i a l l y   o n e  is l o o k i n g   f o r  a 
p u l s e   w i t h  10 n s   t o  100 n s   i m p o r t a n t   c h a r a c t e r i s t i c  times. 

I n   o r d e r   t o   u n d e r s t a n d   t h e   s e n s i t i v i t y   o f   t h e  ARGUS-1A t o   l i g h t n i n g  two 
t h i n g s  were d o n e .   F i r s t   t h e   d e t e c t o r s  were p l a c e d  on South   Baldy   peak   and   the i r  
r e s p o n s e   t o   l i g h t n i n g   m o n i t o r e d .   S e c o n d ,   a n d   m o r e   i m p o r t a n t   f o r   t h i s   p a p e r ,   t h e  
f a s t   t r a n s i e n t   c h a r a c t e r i s t i c s   o f   t h e   t r a n s i e n t   e l e c t r o m a g n e t i c   f i e l d s   ( i n  time- 
d e r i v a t i v e   f o r m )  were measured. I t  is these  measurements  and some a n a l y s i s  of 
them  which a re  p r e s e n t e d   h e r e .  

The f i e l d   s e n s o r s   c o n s i s t  of two MGL-3 B-dot sensors   and   one  ACD-5 D-dot 
sensor   loca ted   on   the   roof   (ground  p lane)  of a b u r i e d   s h i e l d   e n c l o s u r e   ( K i v a ) .  
The roof   o f   the  Kiva is f l u s h   w i t h   t h e   e a r t h   s u r f a c e   a n d  i s  e l e c t r i c a l l y  con- 
n e c t e d   t o   t h e   c e n t e r   o f  a 30 m X 30 m wire-mesh  ground  plane.   Data   recording 
i s  accomplished  by  Biomation  8100  waveform  recorders   control led  by  an HP 9825 
c a l c u l a t o r .  A m o r e   c o m p l e t e   d e s c r i p t i o n   o f   t h e   i n s t r u m e n t a t i o n  is p r e s e n t e d   i n  
r e f e r e n c e  5. 

A t  f i r s t  w e  had l i t t l e  idea   o f   wha t   t o   expec t .  We made  some measurements 
( s e c t i o n  2) which  showed u s  some o f   t h e   s i g n a l  levels a n d   p a t t e r n s  i n  t h e  wave- 
f o r m s   o f   t h e   f i e l d  time d e r i v a t i v e s ,   a n d   i n   t h e  time i n t e g r a l   o f   t h e s e  wave- 
fo rms .   Based   on   t he   k inds   o f   pu l se s   obse rved   and   t he i r  time p a t t e r n s  i t  
a p p e a r e d   t h a t   t h e s e   r e l a t e d   t o   i n d i v i d u a l   f a s t   p u l s e s   a l o n g  some leader   forma- 
t i o n   p r o c e s s .   T h i s   l e d   t o  a mode l   ( s ec t ion  3 )  which   w i th   r ang ing   i n fo rma t ion  
( s e c t i o n  4 )  a l l o w e d   u s   t o   i n f e r  some of t h e   c h a r a c t e r i s t i c s   o f   t h e   c u r r e n t   i n  
t h e   l i g h t n i n g   s t r e a m e r .   S e c t i o n  5 t h e n   a p p l i e s   t h i s   t o  some  of t h e   d a t a  
o b t a i n e d .  

11. GENERAL  CHARACTERISTICS  OF OBSERVED ELECTROMAGNETIC FIELDS 

Wi th   t he   i n s t rumen ta t ion  a t  t h e   K i v a   d i s c u s s e d   i n   r e f e r e n c e  5 measurements 
were begun i n   t h e  summer o f   1 9 7 8 .   F o r   u s e   i n   o u r   d a t a   a n a l y s i s   t h e  $ / a t  
s e n s o r s  (MGL-3) had Aheq = 0.1 m 2 ,  and t h e  af f /a t  s e n s o r  (ACD-5) had Aeeq = 1 .O m 2 
f o r   u s e   i n   t h e   f o r m u l a s  

'h 
= L  .a ;  a t  ( o p e n   c i r c u i t   v o l t a g e )  

eq 

w h e r e   t h e   f i e l d s  are  t h o s e   i n   t h e   p r e s e n c e   o f   t h e   g r o u n d   p l a n e   ( i . e . ,   i n c l u d i n g  
r e f l e c t i o n ) .  The r e s p o n s e  times (10-90 rise times o f   i n t e g r a t e d   o u t p u t   f o r  
s t e p - f u n c t i o n   e x c i t i n g   f i e l d )   i n t o  50 R l o a d s  are shor t   compared   to   our   10   ns  
s ampl ing   r e so lu t ion   and   hence   neg lec t ed .  
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The   t h ree   s enso r s   r e sponded   t o+ the   no r th   and  east components of a?f /a t  and 
t o   t h e  ve r t i ca l  (up)  component  of a D / a t .  The s i g n a l   f r o m  a$/a t  n o r t h  w a s  a t t e n -  
u a t e d  a f a c t o r   o f  2 by a power s p l i t t e r   u s e d   t o   s e n d   t h i s   s i g n a l   t o   a n   a d d i -  
t i o n a l   r e c o r d e r   f o r   o t h e r   p u r p o s e s .   T h e s e   c o r r e c t i o n s   a n d   t h e   e q u i v a l e n t  area2 
are a l l  removed f o r   t h e   d i s p l a y s   o f  a i f / a t  and a i f / a t  i n   t h i s   p a p e r .  The 'B and D 
waveforms are d e t e r m i n e d   b y   n u m e r i c a l   i n t e g r a t i o n   o f   t h e   d i g i t a l   d a t a   p r o v i d e d  
by   the   Biomat ion   8100  waveform  recorders .   Note   tha t   the   in tegra ted   waveforms 
e x h i b i t   b a s e l i n e   s l o p e   w h i c h  is a t  least  p a r t l y   d u e   t o   e r r o r s   i n   d e t e r m i n i n g  
t h e   b a s e l i n e   v a l u e s   f o r   t h e   o r i g i n a l   w a v e f o r m s ;   t h i s   b a s e l i n e   s h i f t  is p a r t l y  
r e m o v e d   b y   e s t i m a t i n g   t h e   b a s e l i n e   p o s i t i o n   n e a r   t h e   b e g i n n i n g   o f   t h e   r e c o r d i n g .  
The long- t ime   va r i a t ion   o f   t he   i n t eg ra t ed   wave fo rms   shou ld   no t   be   t ru s t ed ,  
n e v e r t h e l e s s ;   t h e   p u r p o s e   o f   t h e   i n t e g r a t i o n  is t o  see the   shape   and   ampl i tude  
o f   t h e   f a s t   p u l s e s   w h i c h  are more r e l i a b l e .  

A nice   p roper ty   o f   the   Biomat ion   8100  waveform  recorder  i s  t h a t   o n e   h a s  a 
s i g n i f i c a n t   l e n g t h   o f   r e c o r d i n g  t i m e  b e f o r e   t h e   p u l s e   w h i c h   t r i g g e r s   t h e   s y s t e m  
is r e c o r d e d .   T h i s   p r e t r i g g e r   d a t a  time w a s  set a t  about  4 us. The s e l f  
t r i g g e r  w a s  used on a l l  t h r e e   c h a n n e l s   w i t h   t h e   f i r s t   t r i g g e r  level b e i n g  
e x c e e d e d   t r i g g e r i n g  a l l  t h e   r e c o r d e r s .   T r i g g e r i n g   i n   t h i s  case means f r e e z i n g  
t h e   d a t a  stream and t r a n s f e r r i n g   t h e  20 us of i n f o r m a t i o n   t o   m a g n e t i c   d i s k .  

S i n c e   t h e   r e c o r d i n g  i s  d i g i t a l   t h e r e  i s  a l s o  some l i m i t a t i o n   i n   t h e   s i g n a l  
a m p l i t u d e   ( v o l t a g e )   r e s o l u t i o n .  The f u l l   s c a l e  is 256  un i formly   spaced   leve ls  
w i t h   z e r o   a p p r o x i m a t e l y   c e n t e r e d .   T y p i c a l   s i g n a l s   d e v i a t e d   a b o u t   o n e   t h i r d  
f r o m   b a s e l i n e   ( z e r o )   t o   t h e   f u l l   l e v e l   o n   o n e   s i d e  of z e r o .  

For  some p r e l i m i n a r y   i n f o r m a t i o n  l e t  u s  now c o n s i d e r  two examples  of  the 
kinds  of  waveforms w e  have   seen .   Deta i led   ana lys i s   o f   such   waveforms is  con- 
s i d e r e d   i n   s e c t i o n  5. A representa t ive   example   o f  a leader  waveform i s  g i v e n  
i n   f i g u r e s   2 . 1  and  2.2. A representa t ive   example   o f  a re turn-s t roke  waveform 
is  g i v e n   i n   f i g u r e s  2 . 3  and   2 .4 .   In   bo th   ca ses   on ly   t he   ea s t   componen t s   o f  
a 3 / a t  and of 8 are e x h i b i t e d .  

C o n s i d e r   t h e   l e a d e r   w a v e f o r m   i n   f i g u r e   2 . 1 .   N o t e   t h e   c o m p l e x   s t r u c t u r e  
w i t h  many i n d i v i d u a l   p u l s e s   i n d i c a t i n g   t h e   p r o g r e s s i o n  of t h e   l e a d e r  as a 
sequence of impu l s ive   even t s .   The   ho r i zon ta l   d i s t ance   (by   f l a sh   t o   bang)   t o  
t h i s   s t r o k e  w a s  about  350 m.  

N o t e   t h e   l a r g e   p u l s e  a t  about  4 us w h i c h   t r i g g e r e d   t h e   r e c o r d i n g .  The 
f i r s t  7 us of   t he   r eco rd  i s  expanded i n   f i g u r e  2 . 2 .  From a p r i n t o u t  of t h e  
d i g i t a l   d a t a   t h i s   p u l s e   h a s   t h e   a p p r o x i m a t e   c h a r a c t e r i s t i c s :  

p u l s e  a t  4.0 us 

peak  2.42 T / s  

z e r o   t o   p e a k  rise = 90 n s  

10-90 rise 50 n s  
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BE 

b a s e l i n e   t o   p e a k   0 . 1 6 9  UT 

b a s e l i n e   t o   p e a k  rise = 150 ns 

10-90 rise y 8 0   n s  

w i d t h  =i 500 ns  

Here T h a s   b e e n   d e f i n e d  as a c h a r a c t e r i s t i c  time f o r   t h e  rise p o r t i o n  of t h e  
waveform  wi th   the   formula  

T S  waveform  peak 
d e r i v a t i v e  waveform  peak 

S e l e c t i n g  a few  more  pulses   f rom  this   waveform  for   comparison w e  have 

p u l s e  a t  1 . 3  us 

peak = 1.48 T / s  

z e r o   t o   p e a k  rise = 50 ns 

10-90 rise = 30  ns  

b a s e l i n e   t o   p e a k  = .079 LIT 

b a s e l i n e   t o   p e a k  rise = 100 n s  

T = 5 3   n s  

and   another  

p u l s e  a t  12.9 .us 

peak = -.86 T / s  

z e r o   t o   p e a k  rise = 60 ns  

10-90 rise = 30 n s  
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b a s e l i n e   t o   p e a k  E -.03 pT 

b a s e l i n e   t o   p e a k  rise = 80 ns  

10-90 rise = 4 0  n s  

width 160 n s  

BE 

T E 35 n s  

and  another 

pu l se  a t  14.0 LIS 

peak  -.547 T / s  

zero   to   peak  rise E 40 ns  

10-90 rise = 30  ns 

base l ine   t o   peak  -.014 UT 

base l ine   t o   peak  rise 50 ns  

Comparing t h e s e   i n d i v i d u a l   p u l s e s  w e  h a v e   s e e n   c h a r a c t e r i s t i c  times f o r   t h e  
rise ranging  from  about 70 n s   t o  less than 30 ns .   Also   one   can   no te   tha t   there  
seems t o   b e  a g e n e r a l   t r e n d   i n   t h a t   s m a l l e r   p u l s e s   h a v e   s h o r t e r   c h a r a c t e r i s t i c  
times f o r   t h e  rise and shor t e r   pu l se   w id ths .   Pu l se   w id ths   va ry  from  about 
500 n s   t o   a b o u t  70 ns .  

Now cons ide r   t he   r e tu rn - s t roke  waveform i n   f i g u r e   2 . 3 .  The a B / a t  s t r u c t u r e  
-+ 

i s  somewhat s i m p l i f i e d  by  comparison to   t he   p rev ious   l eade r   example .  The ho r i -  
z o n t a l   d i s t a n c e   ( b y   f l a s h   t o   b a n g )   t o   t h i s   s t r o k e  w a s  about 850 m.  Comparing 
the   peak   de r iva t ive   s igna l s   be tween   r e tu rn   s t roke   ( f ig .   2 .3 )  and l e a d e r   ( f i g .  
2 . 1 )  n o t e   t h a t   t h e y   a r e  of comparable  magnitude. Assuming t h a t   t h e   l e a d e r  is 
e l eva ted  somewhat above   the   g round,   the   in fer red   s lan t   ranges   to   the   sources  
f o r   t h e  two examples are crudely  of t h e  same order  as w e l l .  I t  t h e r e f o r e  seems 
t h a t  we may typ ica l ly   expec t   peak   de r iva t ive  waveforms  from t h e   l a r g e r   l e a d e r  
pu l se s   t o   have   abou t   t he  same s t r e n g t h  as t h o s e   f o r   r e t u r n   s t r o k e s   ( a t  compar- 
a b l e   d i s t a n c e s ) .  

The  main pu l se  a t  about 4 ps which   t r iggered   the   record ing  is expanded i n  
f i g u r e  2.4 f o r   t h e   f i r s t  7 ps. N o t e   t h e   w i d e   p u l s e   c h a r a c t e r i s t i c  of t h e  
r e t u r n   s t r o k e  as i n d i c a t e d   i n   t h e  east component  of t h e  3 waveform. From a 
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p r i n t o u t  of t h e   d i g i t a l   d a t a   t h i s   p u l s e   h a s   t h e   a p p r o x i m a t e   c h a r a c t e r i s t i c s :  

p u l s e  a t  

BE 

4.0 u s  

peak  -2.81 T / s  

z e r o   t o   p e a k  rise 110 n s  

10-90 rise 35   ns  

b a s e l i n e   t o   p e a k  Y -.129 UT 

b a s e l i n e   t o   p e a k  rise 160 n s  

10-90 rise 60 n s  

width 1000 n s  

T 46  n s  

I t  does seem t h a t   r e t u r n   s t r o k e s   c a n   b e  somewhat f a s t .  We have  looked a t  o t h e r  
r e t y r n   s t r o k e s   a n d   n o t i c e d   s i m i l a r l y  small va lues   o f  T. F o r   t h i s   t y p e   o f   p u l s e  
of B t he   concep t  of wid th  is  somewhat p r o b l e m a t i c a l   b e c a u s e  of t h e   c u r r e n t   t h a t  
c o n t i n u e s   i n   t h e   a r c   a f t e r   t h e   f a s t   p a r t  of t h e   p u l s e   h a s   o c c u r r e d .  

111. FAST TRANSIENT ELECTROMAGNETIC FIELDS AT EARTH SURFACE 
RELATED TO INDIVIDUAL LIGHTNING  CURRENT PULSES 

Having  seen some o f   t h e   t r a n s i e n t   w a v e f o r m s   i n   s e c t i o n   2 ,   a n d   n o t i n g   t h a t  
many of t h e   i n d i v i d u a l   p u l s e s  are e x t r e m e l y   f a s t   w i t h  rise times of t h e   o r d e r  
of  some t e n s  of n s ,  i t  appea red   t ha t   one   migh t   be   ab le   t o   mode l   t hese   pu l se s  as 
e v e n t s  somewhat l o c a l i z e d   i n   s p a c e .   T h i s   c o n c e p t   u s e s   t h e   l i m i t a t i o n  of t h e  
speed of l i g h t  on c u r r e n t   p r o p a g a t i o n  as compared t o   t h e   d i s t a n c e s  of hundreds 
to   t housands  of meters f rom  sou rce   t o   obse rve r .  A s  w i l l  a p p e a r   l a t e r ,   t h i s  
a p p r o a c h   y i e l d s  some v a l u a b l e   i n s i g h t   i n t o   t h e   l i g h t n i n g  streamer c u r r e n t s  and 
propagat ion .  

L e t  u s   b e g i n   b y   d e f i n i n g  a s p h e r i c a l   ( r y e , @ )   c o o r d i n a t e   s y s t e m   b a s e d  on 

= f ( t h e   K i v a )  . I n   a d d i t i o n   t o   t h e   s p h e r i c a l   c o o r d i n a t e s  w e  h a v e   c y l i n d r i c a l  

t h e  Kiva as i n   f i g u r e  3.1A. F o r   o u r   p u r p o s e s   ( r y e , $ )   s i g n i f i e s  some p o s i t i o n  
i n  s ace which is  t h e   s o u r c e  of t h e   o b s e r v e d   l i g h t n i n g   s i g n a l s  a t  ( n e a r )  

(y,@,z> a n d   C a r t e s i a n   ( x , y , z )   c o o r d i n a t e s  a l l  r e l a t e d  v i a  

X = Y cos($)  = r s i n ( @ >   c o s ( @ )  

y = Y s i n ( $ )  = r s i n ( @ )   s i n ( @ )  

z = r COS(@) 
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r 2 = y  + z  
2 2 

2 2 2 Y = x  + y  

w i t h  x and y t a k i n g   t h e   s i g n s  o f   cos ($ )   and   s in ($ )   r e spec t ive ly .  A s  i n d i c a t e d  
i n   f i g u r e  3 . 1 A  t h e   c o o r d i n a t e   s y s t e m  is  o r i e n t e d  so t h a t  

x is n o r t h   ( g e o g r a p h i c a l )  

y is w e s t  

z is  up 

8 i s  z e n i t h   a n g l e  

@ i s  counterc lockwise   f rom  nor th  

A s s o c i a t e d   w i t h   t h e s e   c o o r d i n a t e  sets t h e r e   a r e  sets o f   u n i t   v e c t o r s  
( r igh t -handed)   a s  

w h i c h   a r e   r e l a t e d   b y  

-+ 
1 = -lX s i n ( @ )  + 1 c o s ( @ )  

-f -+ 

@ Y ( 3 . 4 )  
-+ -+ -+ 
l r  = ly s i n ( 8 )  + l2 COS(@) 

le = ly c o s ( 8 )  - l2 s i n ( 8 )  
-+ -+ -+ 

I n   a d d i t i o n   t o   t h e   c o o r d i n a t e s   f o r   t h e   s o u r c e   p o i n t   w i t h   r e s p e c t   t o   t h e  
o b s e r v a t i o n   p o i n t  l e t  u s   d e f i n e  a s e t  o f   u n i t   v e c t o r s   f o r   d e s c r i b i n g   t h e  wave 
p r o p a g a t i o n   t o   t h e   o b s e r v e r .   T h e s e  are a r ight-handed  system 

-+  -+ -f -+ +- -+ -+ -+  -+ 
l 1 X 1  = l3 y l 2 X 1  = l1 y l 3 X  1 = l 2  2 3 1 (3.5) 

which are r e l a t e d   t o   o u r   p r e v i o u s l y   d e f i n e d   c o o r d i n a t e   u n i t   v e c t o r s  as 
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Viewed f rom  an   observer  a t  t h e   K i v a   o n e   h a s   t h e   p i c t u r e  i n  f i g u r e  3 . 1 B  i n  which 

-+ 
1 E d i r e c t i o n  of propagat ion  

= p o i n t i n g   t o   o b s e r v e r  
1 

- 

-> - l2  = h o r i z o n t a l  to r i g h t  

1 E f'upf' as mod i f i ed   by   be ing   pe rpend icu la r   t o  1 
-+ -> 

3 1 

(3.7) 

-+ 
Note  that   12  and  13 are p o l a r i z a t i o n   v e c t o r s   f o r   t h e  wave; The  plane of i n z i -  
dence i s  d e f i n e d  by-*? and   the  z a x i s ;  i t  c o n t a i n s  11 and  13 as w e l l  a s  l r ,  l e ,  
l y ,  and lz ; 72   and  10 are p e r p e n d i c u l a r   t o   t h e   p l a n e   o f   i n c i d e n c e .  

-* 

Next   consider  some d i s t r i b u t i o n  of c u r r e n t   d e n s i t y   J ( r , t )   i n   f r e e   s p a c e .  
- + +  

T h e   e l e c t r o m a g n e t i c   f i e l d s   f r o m   t h i s   c a n   b e   r e p r e s e n t e d   a s   ( r e f .  1) 

w i t h   t h e   s u b s c r i p t   i n c   i n d i c a t i n g   i n c i d e n t  a t  t h e   o b s e r v e r  a t  r '  = 0 and  where 
r ' , r "  are now g e n e r a l   c o o r d i n a t e s   ( p o s i t i o n s ) ,  s i s  the   Lap lace - t r ans fo rm  va r i -  
a b l e   ( o r   c o m p l e x   f r e q u e n c y )   w i t h   r e s p e c t   t o  time t ( i n   g e n e r a l  two s ided)   and  
t h e   t i l d e  - i n d i c a t e s  a Lap lace - t r ans fo rmed   quan t i ty .  The  impedance  kernel is 

-+  -+ 

- + - +  

ir+, -+ 
Z ( r ' , r ' ' ; s )  = sp G ( r '   , r " ; s )  

i i - +  -+ 

0 0  

& - +  
Go(r '  ,;";s) = [y - y-20'Y'] Go(;' ,;'';s) 

- 
G =  

0 

dyad ic   Green ' s   func t ion   o f   f r ee   space  

-7 

scalar G r e e n ' s   f u n c t i o n   o f   f r e e   s p a c e  

- = f r e e   s p a c e   p r o p a g a t i o n   c o n s t a n t  s -  
C 

(3.9) 
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- = s p e e d   o f   l i g h t   ( i n   f r e e   s p a c e )  

- = wave impedance  of f ree  s p a c e  

-+ + 5 5 Y l r '  - rllI 

The  symbol <,> i n d i c a t e s   i n t e g r a t i o n   o v e r   t h e  space c o o r d i n a t e s  common t o   t h e  
two terms ( r "   i n   ( 3 . 8 ) ) .  The f r ee - space   dyad ic   Green ' s   func t ion   has   t he  
e x p l i c i t   f o r m  

t-f 
1 E i d e n t i t y   d y a d  

(3.10)  

w h e r e   t h e   d e l t a   f u n c t i o n  i s  i n t r o d u c e d  s o  t h a t   t h e   r e m a i n i n g   p a r t   c a n   b e  
hand led   i n   (3 .8 )  as a q r i n c i p a l   v a l u e   i n t e g r a l   w i t h  a small s p h e r i c a l   z o n e  of 
e x c l u s i o n   c e n t e r e d  on r '  = rl' ( r e f .   3 ) .  + 

For our p re sen t   pu rposes  w e  a s sume   t ha t   t he   d i s t ance   f rom  sou rce   t o  
o b s e r v e r  is l a r g e  compared t o   t h e   s i z e  of   the   source ,  i . e . ,  

(3.11) 

where r is  taken  as some e f f e c t i v e   c e n t e r   o f   t h e   s o u r c e .   F u r t h e r m o r e  w e  assume 
t h a t   f r e q u e n c i e s   o f   i n t e r e s t  are s u f f i c i e n t l y   h i g h   t h a t   o n l y   t h e   l e a d i n g  term 
f o r   l a r g e  r" ( t h e  I?' - ?Ir  1 o r  5-l term i n  (3 .10 )   need   be   i nc luded   g iv ing  

-+ 

( 3 . 1 2 )  
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+-% f-f ->  -> 
1 f 1 - 1 1 : t r a n s v e r s e   d y a d  
t R R  

Now r e f e r r i n g   t o   f i g u r e   3 . 1  w e  can  approximate as 

"b +-+ + - +  ff + - +  
1 t = 1 - 1 1 1 1 = 1 - 1 1  r r  

T h i s   a l l o w s   u s   t o  wri te  (from  (3.8))  

I n  time domain w e  have 

(3.13) 

(3.14) 

(3.15) 

This  T can $e thought  of as a kind of e f f e c t i v e   s o u r c e   v e c t o r .  Assuming t h a t  
c h a n g e s   i n  J p ropaga te   ove r   t he   sou rce   vo lume  a t  v e l o c i t i e s   s l o w  compared t o  c' 
we  have 

-f 

J V  
(3.16) 

+ 
T ( t )  Y - a 1 "J(G1', t )  dV" 

a t  v 

The m a g n e t i c   f i e l d   i n c i d e n t  a t  r '  = 0 $an  be  found by expanding   f rom  (3 .8) ,   o r  
b y   s i m p l y   n o t i n g   t h a t   t h e   f a r   f i e l d  ( I r - ?"I t e rm)   has  a plane-wave  re la-  
t i o n   b e t w e e n   t h e   e l e c t r i c   a n d   m a g n e t i c   f i e l d  as 

-+ + 

e 
4 m c  

"Yr -+ .., - 

I n  time domain t h e   f i e l d s  are 

-+ 1-Io ff + r 
E i n c   4 ~ r r  t C 

( 0 , t )  = - - 1 T ( t  - -) 

(3.17) 

(3.18) 
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Near r '  = 0 t h e   i n c i d e n t   f i e l d  i s  an   approx ima te   p l ane  wave p r o p a g a t i n g   i n  
-f -+ 

t h e  11 d i r e c t i o n ;  i t  c a n   b e   r e p r e s e n t e d  as 

(3.19) 

T h i s   d e c o m p o s e s   t h e   f i e l d s   i n c i d e n t  a t  t h e   o b s e r v e r   i n t o  two p a r t s ,   a n  E wave 
( o r  TM wave) denoted  by a s u b s c r i p t  e ,  and  an H wave ( o r  TE wave)  denoted  by a 
subsc r ip t   h .   Th i s   decompos i t ion  i s  based on t h e   p o l a r i z a t i o n   w i t h   r e s p e c t   t o  
t h e  z a x i s   ( i . e . ,  a TM wave h a s   t h e   m a g n e t i c   f i e l d   p e r p e n d i c u l a r   t o   t h e  z a x i s ,  
and a TE wave h a s   t h e   e l e c t r i c   f i e l d   p e r p e n d i c u l a r   t o   t h e  z a x i s ) .  

Now when t h e   i n c i d e n t   f i e l d s   r e a c h   t h e   g r o u n d   p l a n e   ( t h e   x , y   p l a n e ) ,   t h e  
c o n d u c t i n g   g r o u n d   p l a n e   r e f l e c t s   t h e   f i e l d s  so t h a t   ( a t   l e a s t  a t  t h e   h i g h e r  
f r e q u e n c i e s   b e c a u s e   o f   t h e   f i n i t e   d i m e n s i o n   o f   t h e   g r o u n d   p l a n e  on t h e   e a r t h )  
approximately w e  have 

= 2 1  
-+ 

z E i n c  

(3.20) 

The r ema in ing   t h ree   f i e lds   componen t s   a r e   app rox ima te ly   ze ro .   No te   t he   o r i en ta -  
t i on   o f   t he   Ca r t e s i an   coord ina te s   w i th   r e spec t   t o   t he   (geograph ica l )   compass  
p o s i t i o n s   ( n o r t h  Z N ,  east Z E ,  s o u t h  S ,  w e s t  E W ) .  

On the   g round  p lane  w e  then  have 

= 2 s i n ( 8 )  Ee  

H~ = -cos(e) H = - - corn) 
zO 

2 
3 

(3.21) 

Then cons t r u c  t 

- E = s i n ( 8 )  E 
1 
2 z  e 
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Z 
0 zO - 

2 H@=2 {-H X s i n ( @ )  + H Y COS($)} = E~ 
(3.22) 

From our  measurements w e  h a v e   t h r e e  pieces of   in format ion:  E Z ,  Hx,  and H . 
We have  four  unknowns: E e ,  E h ,  8, and @. Y 

I f  we knew t h e   s o u r c e   a n g l e s  (8  ,@) , o r  a t  least  one   o f   t hese ,   t hen   t he  two 
waves E, and Eh cou ld   be   cons t ruc t ed .  L e t  u s   f o r   t h e  moment assume  tha t  8 and 
@ a r e  known. From (3.18)   and  (3 .19)   together   with E, and Eh we can   f i nd  

(3.23) 

This  shows t h a t  we c a n   o b t a i n   t h e   r e l a t i v e   s t r e n g t h  of t h e   t r a n s v e r s e  ( 2  and  3) 
components   of   the   source ;if by  comparing Eh and E,. R e f e r r i n g   t o   f i g u r e  3.1B 
one  can  plot   on  such a d i a g r a m   a n   a n g l e   t h a t   m a k e s   w i t h   r e s p e c t   t o   s a y   7 3  as 
a n o t h e r   v e c t o r  on t h e   p l a n e   p e r p e n d i c u l a r   t o  11. N o t e   t h a t   t h e  1 component  of 
7 is  n o t   o b t a s n e d   i n   t h i s   t e c h n i q u e   s i n c e  i t  d o e s   n o t   a p p e a r   i n   t h e   f a r - f i e l d  
expansion a t  r ' = 8. I f   o n e  knew r t h e n   t h e  2 and 3 components of 'If would  be 
comple te ly  known. T e c h n i q u e s   f o r   e s t i m a t i n g  r a r e   d i s c u s s e d   i n   a n o t h e r   s e c t i o n  
of t h i s   p a p e r .   H a v i n g  r then   one   can   u se   (3 .23 )   t o   f i nd  T2 and T3;  t h i s  is 
used   fo r  l a t e r  p l o t s  of t h e   t r a n s v e r s e   p a r t  of T .  

Having 1, T one   can   a l so  make  some e s t i m a t e s   c o n c e r n i n g   c u r r e n t s   i n   t h e  
C f +  

f a s t   p u l s e s   i n   t h e   s o u r c e   r e g i o n   n e a r  r by w r i t i n g  
+ 

Here A i n d i c a t e s   t h e   c h a n g e   i n   t h e   q u a n t i t y ;   f o r  l a t e r  p l o t s   t h i s  i s  
f rom  the   ambien t   va lue   be fo r s  a f a s t   p u l s e   t o   t h e   p e a k   o f   t h e   p u l s e .  
convent ion i s  employed f o r  a T / a t  a l s o . )  An e f f e c t i v e  streamer speed 
b e   u s e d   t o   o b t a i n  some i n d i c a t i o n  of t h e   c u r r e n t  I ,  o r  a t  least  some 
bound on i t .  

Now c o n s i d e r   t h e   d e t e r m i n a t i o n  of e , @ .  F i g u r e  3 . 2  shows a type  

(3.24) 

the   change  
(This  

e f  f rough 
V can 

of d i s p l a y  
of   coord ina tes   which  i s  use fu l   fo r   ou r   pu rposes .   Supe r imposed  on t h e   C a r t e s i a n  
d i r ec t ions   and   compass   coo rd ina te s  we have a p o l a r   p l o t   i n   w h i c h  8 i s  t h e r a d i a l  
c o o r d i n a t e   w i t h  0' 1. 8 90'. The a z i m u t h a l   c o o r d i n a t e  is  @ w i t h  0 @ < 360'. 

Return ing   to   (3 .22)   our   th ree   measurements   (Ez ,  H,, HY) can   be   u sed   t o f ind  
a r e l a t i o n s h i p   b e t w e e n  8 and @. S p e c i f i c a l l y   t h e   f i r s t  two  of (3 .22)   can  be 
u s e d   t o   e l i m i n a t e  E, g i v i n g  
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(3.25) 

as o u r  8 ,@ r e l a t i o n .   C o n s t r a i n i n g  0 8 5 90' and @ real g i v e s  a c u r v e   i n   t h e  
e,@ "p lane"   o f   accep tab le   so lu t ions   o f   (3 .25 ) .   Fo r   each   pu l se  w e  c a n   c o n s i d e r  
t h e   c h a n g e   i n   t h e   f i e l d s   ( a m b i e n t   t o   p e a k )   i n   ( 3 . 2 5 )   o r  some o t h e r   a s p e c t  of 
t he   pu l se   wave fo rms .   Bes ides   t he   f i e ld   change  we h a v e   u s e d   t h e   c h a n g e   i n   t h e  
t i m e  d e r i v a t i v e s  of t h e   f i e l d s  ( a E , / a t ,  a H x / a t ,  a H , / a t >  i n  (3 .25 )   t o   de t e rmine  
t h e  e , @  c u r v e s .   B o t h   t h e   f i e l d   c h a n g e s   a n d   c h a n g e s   i n   f i e l d  t i m e  d e r i v a t i v e s  
(on t h e  rise o f   t h e   p u l s e s )   t y p i c a l l y   g i v e   c o m p a r a b l e  resul ts ,  as w i l l  b e   s e e n  
l a te r .  

~ A s p e c i a l  case i s  e n c o u n t e r e d   i f   t h e   i n c i d e n t   f i e l d  is a p u r e  H wave ( i . e . ,  
E p a r a l l e l  t o  t h e   g r o u n d   p l a n e ) .   I n   t h i s  case E, = 0 .  From (3.22) we have 

H 

H t a n ( $ >  = 3 (3 .26)  
X 

which  has  two s o l u t i o n s   f o r  $ sepa ra t ed   by  180'. I n   t h e  8 ,@ ' ' p l a n e "   i n   f i g u r e  
3.2 t h i s   g i v e s  a l o c u s   o f   s o l u t i o n s  a " s t r a i g h t   l i n e "   p a s s i n g   t h r o u g h   t h e  
z e n i t h  ( 0  = 0) .  

Having a c o n t o u r   i n   t h e  e , @  "p lane"   r e su l t i ng   f rom a p a r t i c u l a r   m e a s u r e d  
f a s t   e l e c t r o m a g n e t i c - f i e l d   p u l s e   ( o r  i t s  time d e r i v a t i v e )   o n e   w o u l d   l i k e   t o  
f i n d  some p o i n t   a l o n g   t h a t   c o n t o u r   t h a t   r e p r e s e n t s   t h e  true a n g l e s  e , @  t o   t h e  
s o u r c e .  One  way t o  d o   t h i s   u s e s   a n   a s s u m p t i o n   t h a t   a n o t h e r   p u l s e   i n  a p a r t i c u -  
l a r  r eco rd ing   ( abou t  2 0  us w i d e   i n   t h e   p r e s e n t e d   d a t a )  comes from  approximately 
t h e  same s o u r c e   l o c a t i o n .   T h i s  i s  p h y s i c a l l y   r e a s o n a b l e   i f   o n e   c o n s i d e r s  a 
leader   p ropagat ing   th rough  the  a i r  t o   e s t a b l i s h   t h e   l i g h t n i n g   c h a n n e l .   I f   e a c h  
p u l s e   r e p r e s e n t s  some b r i e f   e x t e n s i o n  of t h e  arc  c h a n n e l ,   a n d   i f   t h e   d i s t a n c e  
t h e  streamer p r o p a g a t e s   d u r i n g . t h e   p u l s e  is small compared t o   t h e   d i s t a n c e   t o  
t h e   o b s e r v e r ,   t h e n   t h e   c h a n g e   i n  ( e , @ )  is small. F u r t h e r m o r e ,   i f   t h e  two p u l s e s  
u n d e r   c o n s i d e r a t i o n   h a v e   d i f f e r e n t   p o l a r i z a t A o n s   l d i f f e r e n t   p r o p o r t i o n s  of E 
and H waves)  due t o   d i f f e r e n t   d i r e c t i o n s   o f  1, T, then  (3.25) w i l l  g i v e   i n  
g e n e r a l   d i f f e r e n t  e , @  c o n t o u r s   f o r   t h e  two p u l s e s .  The i n t e r s e c t i o n  of t h e  two 
con tour s   can   t hen   be   t aken  as an   expe r imen ta l   de t e rmina t ion   o f  (e,$) f o r   b o t h  
p u l s e s .  

G o i n g   f u r t h e r ,  it w i l l  b e   o b s e r v e d   i n   c o n s i d e r i n g   t h e   d a t a   t h a t   t h e   i n t e r -  
s e c t i o n  of €I,$ c o n t o u r s  i s  r e m a r k a b l y   s u c c e s s f u l   i n   d e t e r m i n i n g  (e ,@)  v a l u e s .  
I n  some c a s e s  a l l  t h e  e , $  con tour s   (o f   t he   o rde r  of t e n   c o n t o u r s )   c a n  a l l  p a s s  
q u i t e   n e a r  a common (e ,@)  a p p r o x i m a t e   i n t e r s e c t i o n .   I n   o t h e r  cases subse t s -   o f  
t h e   c o n t o u r s   f o r  a pa r t i cu la r   wave fo rm set form a few d i s t i n c t   a p p r o x i m a t e  (@,e) 
v a l u e s .  Some c a s e s  are p r e s e n t e d   i n   t h e   d a t a   i l l u s t r a t i n g  some of  the  complex- 
i t y   t h a t  c a n   b e   u n r a v e l l e d   i n   t h i s  way. 

Having  determined  the (e,@) values a p p r o p r i a t e   t o   p a r t i c u l a r   p u l s e s ,   a n d  
e s t i m a t i n g   t h e   c o r r e s p o n d i n g  r ,  one   goes   back   t o   (3 .22 )   t o   f i nd  E, and Eh ( o r  
t h e i r   d e r i v a t i v e s   w i t h   r e s p e c t   t o   t i m e ) .   T h e n   ( 3 . 2 3 )   g i v e s   t h e   t r a n s v e r s e  com- 
ponents  of f o r   p l o t s   w i t h   r e s p e c t   t o   t h e  1 2  and 1 3  d i r e c t i o n s  as i n  f i g u r e  
3 . 1 B .  
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I V .  ESTIMATION OF RANGE TO LIGHTNING CURRENT  PULSES 

The e l e c t r i c  f i e l d   c h a n g e s   p r o d u c e d  by l i g h t n i n g   i n   t h i s   s t u d y  were a l s o  
sensed   w i th  a " s low  an tenna"   f i e ld   change  meter and  recorded  onto FM magnet ic  
t a p e ,   t o g e t h e r   w i t h   t h e  I R I G  B y  1 kHz time c o d e   t h a t  w a s  d i s t r i b u t e d   t o   c o o r d i n -  
a t e  the   t hunde r s to rm  and   l i gh tn ing   measu remen t s .   Th i s  t i m e  code was synchron- 
i z e d   w i t h   R a d i o   S t a t i o n  WWV a n d   p e r m i t t e d   t h e   s l o w   m e a s u r e m e n t s   t o   b e   c o r r e l a t e d  
w i t h  a time r e s o l u t i o n  of 1 m s .  A Globe 100 B microphone  with  an  extended  low 
f r equency   r e sponse  was mounted  on t h e  metal mesh a d j a c e n t   t o   t h e  Kiva and was 
u s e d   t o   d e t e c t   t h e   a r r i v a l  of  thunder.  The t h u n d e r   s i g n a l s  were recorded  on a 
second FM m a g n e t i c   t a p e   c h a n n e l .   I n   t h i s   m a n n e r ,   t h e  time of occur rence ,   t he  
n a t u r e  of t h e   l i g h t n i n g   f l a s h   a n d   t h e  time from  f lash- to- thunder   could  be 
determined.  

Two a c o u s t i c   a r r a y s ,   e a c h   c o n s i s t i n g   o f   t h r e e   m i c r o p h o n e s  a t  t h e   v e r t i c e s  
of 30 m y  e q u i l a t e r a l   t r i a n g l e s  were l o c a t e d   i n   t h e  meadow, s o u t h  of t h e  Kiva. 
(See   F igu re  1.1.) T h e   t i m e - d i f f e r e n c e   o f   a r r i v a l  of i n d i v i d u a l   t h u n d e r   p e a l s  
a c r o s s   e a c h   o f   t h e s e   t r i a n g u l a r   a r r a y s   p e r m i t t e d  a d e t e r m i n a t i o n   o f   t h e   d i r e c -  
t i o n   c o s i n e s   f o r   t h e   n o r m a l   t o   t h e   a c o u s t i c  wave f r o n t .   W i t h   t h e s e   a n d   t h e  
d i s t a n c e   f r o m   e a c h   s o u r c e   t o   t h e   a r r a y   c a l c u l a t e d   f r o m   t h e   s p e e d   o f   s o u n d   a n d  
t h e  time i n t e r v a l   f r o m   f i e l d   c h a n g e   t o   p e a l   a r r i v a l ,  a f i r s t   e s t i m a t e   c o u l d   b e  
made f o r   l o c a t i o n   o f   e a c h   s o u r c e .   C o r r e c t i o n s  were then  made f o r   t h e   l o c a l  
w i n d s   a n d   f o r   t h e r m a l   r e f r a c t i o n   i n  a second   approx ima t ion   fo r   t he   sou rce   l oca -  
t i o n   u s i n g   t h e   t e c h n i q u e   d e s c r i b e d  by Winn e t  a l .  ( r e f .  4 ) .  

I n   a d d i t i o n  t o  t h e   u s e  of t h e s e   a c o u s t i c   t e c h n i q u e s   f o r   t h e   l o c a t i o n  of 
l i g h t n i n g ,   t h e   f l a s h e s   i n   t h e   v i c i n i t y  of t h e   K i v a  were v ideo-recorded   wi th  a 
time r e s o l u t i o n  of 16 m s  p e r  TV frame. One TV camera   recorded   the  view from  an 
a l l - s k y   r e f l e c t i n g ,   p a r a b o l i c   m i r r o r   l o c a t e d  on top  of  South  Baldy  peak  about 
50 m n o r t h  of t h e  Kiva, w h i l e   a n o t h e r  TV sys t em  loca t ed  a t  Langmuir  Laboratory 
recorded   the   v iew  of   l igh tn ing   over   South   Baldy   peak  as seen  f rom 2 km t o   t h e  
SSE. 

These   v ideo   record ings   have   been   p layed   back ,   f rame by frame,   onto a v i d e o  
monitor   where  they were pho tographed   t oge the r   w i th   an   ou tpu t   d i sp l ay ing   t he  
I R I G  B t i m e  code   t ha t   was   a l so   r eco rded  on t h e   a u d i o   t r a c k s  of t h e   v i d e o   t a p e  
r e c o r d e r s .  

A l l  of t h e   f l a s h e s   r e p o r t e d   i n   t h i s   s t u d y  were "cloud-to-ground"  discharges.  
Our f i r s t   a p p r o x i m a t i o n   f o r   t h e   s l a n t   r a n g e   f r o m   t h e  Kiva t o   t h e   l i g h t n i n g   c u r -  
ren t   e lement   o f  i n t e re s t  i s  based on t h e   a s s u m p t i o n   t h a t   t h e  time f r o m   f l a s h   t o  
t h u n d e r   m u l t i p l i e d   b y   t h e   s p e e d   o f   s o u n d   i n   a i r   g i v e s   t h e   h o r i z o n t a l   d i s t a n c e  
from  the Kiva m i c r o p h o n e   t o   t h e   c l o s e s t   p a r t  of t h e   l i g h t n i n g   c h a n n e l   ( t h a t  is 
s t r i k i n g   t h e   e a r t h   a p p r o x i m a t e l y   v e r t i c a l l y ) .  

From s e c t i o n  3 ,  t h e   z e n i t h   a n g l e  0 and  the   az imuth   angle  @ can   be   es t imated  
f o r   t h e   c u r r e n t   e l e m e n t   f r o m   t h e   e l e c t r o m a g n e t i c   s i g n a l   t h a t  i t  produced. 

The a p p r o x i m a t e   s l a n t   r a n g e  r f rom  the  Kiva t o   t h e   c u r r e n t   e l e m e n t  i s  
t h e r e f o r e   g i v e n   b y  
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r (336   m/s )   (At ) / s in(e)  (4 .1)  

The C a r t e s i a n   c o o r d i n a t e s   o f   t h e   c u r r e n t   e l e m e n t  are t h e r e f o r e  

x = (336   m/ s ) (At )   cos ($ ) ,   t oward   t he   no r th  

y = (336   m/s ) (At)   s in(@),   toward   the  w e s t  

z = r / c o s ( 8 ) ,   a b o v e   t h e  Kiva 

I n   t h e   f o u r   c a s e s   t o   d a t e   i n   w h i c h  w e  have  compared t h e   t h u n d e r   s o u r c e  
maps w i t h   c u r r e n t   e l e m e n t   c o o r d i n a t e s ,   t h e r e   h a s   b e e n  a f a i r   ag reemen t   be tween  
t h e  two somewhat i ndependen t   l oca t ion   sys t ems .   I f   t he   r ange   chosen   f rom  the  
h o r i z o n t a l   d i s t a n c e   a s s u m p t i o n  is t o o  small, a b e t t e r + e s t i m a t e   f o r   t h e   r a n g e  
c a n   b e   e x t r a c t e d   f r o m   t h e   i n t e r s e c t i o n  of t h e   v e c t o r   r - - d i r e c t e d   a l o n g   t h e  
c a l c u l a t e d   v a l u e s  of 8 and  @--with  the  thunder   channels  mapped  by t h e   a c o u s t i c  
technique .  

V. ANALYZED WAVEFORMS 

I n   t h i s   s e c t i o n   t h e   t e c h n i q u e s   d i s c u s s e d   i n   s e c t i o n s  4 and 5 a r e   a p p l i e d  
t o  some example  data  sets f o r   f o u r   s e l e c t e d   w a v e f o r m s .  

A .  Rocket-Triggered  Lightning 

Our f i r s t  example i s  g iven   i n   f i gu res   5 .1   t h rough   5 .8 .  I t  is  a good 
example  of   leader- l ike  behavior   and i s  a s s o c i a t e d   w i t h  a t r i g g e r e d   l i g h t n i n g  
e v e n t .   T h e   l i g h t n i n g   s t r o k e  was t r i g g e r e d  by a w i r e - t r a i l i n g   r o c k e t   l a u n c h e d  
f r o m   t h e   p o s i t i o n   i n d i c a t e d   i n   f i g u r e  1.1 which is  350 m i n   h o r i z o n t a l   r a n g e  a t  
an  azimuth  of @ = 155' w i t h   r e s p e c t   t o   t h e   K i v a .   T h e   r o c k e t  w a s  launched 
a p p r o x i m a t e l y   v e r t i c a l l y .  Based o n   v i s u a l   o b s e r v a t i o n s  i t s  h e i g h t  w a s  e s t i m a t e d  
as about  600 m above   the   Kiva  when i t  i n i t i a t e d  a l i g h t n i n g   d i s c h a r g e .   T h i s  
c o r r e s p o n d s   t o  a z e n i t h   a n g l e   o f  8 30' w i t h   r e s p e c t   t o   t h e   K i v a .  Based on 
the   ex t r eme   e l ec t r i c - f i e ld   enhancemen t  a t  t h e   r o c k e t ,  i t  was e x p e c t e d   t h a t   t h e  
streamer d i r e c t i o n  of i n t e r e s t  w a s  upward ,   beginning   f rom  the   rocke t .   This  
p o l a r i t y  is  assumed l a t e r  i n   t h e   d a t a   a n a l y s i s .  

Looking a t  f i g u r e   5 . 1  w e  see t h e   l e a d e r - l i k e   b e h a v i o r  on t h e  20 us wave- 
f o r m   f o r   t h e   t h r e e   d e r i v a t i v e   f i e l d   c o m p o n e n t s .   F o r   c o n v e n i e n c e  9 p u l s e s   a r e  
i d e n t i f i e d   b y   n u m b e r s   c o r r e s p o n d i n g   t o   t h e i r   p e a k  times o f   z c c u r r e n c e   ( w i t h i n  
the   r eco rd   even t )   i n   mic roseconds ;   t he   no r th   componen t   o f  a B / a t  had the   gene r -  
a l l y   l a r g e s t   p u l s e s  and was u s e d   f o r   t h i s   l a b e l l i n g .   F i g u r e   5 . 2   r e s u l t s   f r o m  
t h e   n u m e r i c a l   i n t e g r a t i o n   o f   t h e   d i g i t a l   d a t a   f r o m   w h i c h   f i g u r e   5 . 1  waz pro- 
duced. Here t h e   p u l s e s  are  a l s o   i d e n t i f i e d   ( o n   t h e  east  component  of B i n   t h i s  
c a s e ) .   N o t e   t h e   g e n e r a l   d r i f t   i n   t h e   b a s e l i n e   w h i c h  may b e   p a r t i a l l y   d u e   t o  a 
l i t t l e  o f f s e t   i n   t h e   r e c o r d i n g  of t h e   d e r i v a t i v e  da ta ,  bu t   p robab ly  i s  a r e s u l t  
of a c o n t i n u i n g   c u r r e n t   f l o w i n g   u p   t h e   c h a n n e l   i n i t i a t e d   b y   t h e   r o c k e t .  
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. F i g u r e  5.3 shows t h e   s l o w   c h a n g e s   i n   t h e  e lec t r ic  f i e l d ,  first f rom  the  
r i s i n g  of the  grounded w i r e ,  f o l lowed   by   t he   emis s ion   o f   upward -go ing   pos i t i ve  
streamers. Also shown is  a r e c o r d i n g  of the  narrowband RF power  received  cen- 
t e r e d  on 34 MHz, as measured  by a d i f f e ren t   expe r imen t   (Hayenga)   w i th  a complex 
a n t e n n a   p a t t e r n .   F o r   o u r   p u r p o s e s  i t  i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e  RF power 
emissions  began a t  about  0.6 s a f t e r   r o c k e t   l a u n c h   i n d i c a t i n g  some corona- l ike  
d i s c h a r g e s   b e f o r e   t h e   m a i n   l i g h t n i n g   e v e n t .  

T h e   a c o u s t i c a l l y   d e t e r m i n e d   ( p e r   s e c t i o n   4 )   t h u n d e r   s o u r c e s   a r e   d i s p l a y e d  
i n   f i g u r e   5 . 4 .   T h i s   i n d i c a t e s   t h a t   t h e   l i g h t n i n g   d i s c h a r g e   t u r n e d   s o u t h   a n d  
extended  about  4 km a t  a h e i g h t  of  about 2 km. This   can   be   compared   to   the  
whole-sky   v ideo- tape   photograph   in   f igure  5.5B o b t a i n e d  a t  t h e   b a l l o o n   h a n g e r  
( f i g .  1.1) about  700 m s o u t h  of t h e   r o c k e t   l a u n c h e r .   T h i s   i n d i c a t e s   t h e   m a i n  
streamer r i s i n g   a n d   p r o p a g a t i n g   t o   t h e   s o u t h   n e a r   c l o u d - b a s e   l e v e l  a t  a h e i g h t  
of about  1 km. F i g u r e  5.6B  shows t h e  same e v e n t  a t  about  160 m s  l a t e r .  Note 
i n   t h e  whole-sky  photographs  the TV camera i n   t h e   c e n t e r   s i n c e  i t  i s  above a 
p a r a b o l o i d a l   m i r r o r .  

The e , @  c o n t o u r s   f r o m   t h e   n i n e   p u l s e s   i d e n t i f i e d   f o r   t h e   d e r i v a t i v e  wave- 
f o r m   i n   f i g u r e   5 . 1  are d i s p l a y e d   i n   f i g u r e  5 . 5 A .  This  shows a r emarkab ly   t i gh t  
set  of i n t e r s e c t i o n s   i n   w h i c h  a l l  9 c o n t o u r s   p a s s   t h r o u g h   n e a r l y   t h e  same p o i n t .  
The   e s t ima ted   ang le s   f rom  the   K iva   t o   t he   sou rce  are  ( e , $ )  (30 ' ,177 ' ) .   This  
is i n   q u i t e  good a g r e e m e n t   w i t h   t h e   e s t i m a t e d   r o c k e t   p o s i t i o n .  The major d i f -  
f e r e n c e  is i n   a z i m u t h  (177 '  vs 1 5 5 ' ) ,   b u t   t h e r e   a r e   u n c e r t a i n t i e s   i n   t h e   e x a c t  
p o s i t i o n  of t h e   r o c k e t   b e c a u s e  i t  impac ted   t o   t he   sou th   nea r   t he   comet   obse rva -  
t o r y   ( f i g .  1.1),  d e s p i t e  i ts  n e a r  ve r t i ca l  a iming .   The   s l an t   r ange  i s  e s t i m a t e d  
as r = 700 m based on 8 = 30'  and a h o r i z o n t a l   d i s t a n c e  of  350 m. The same con- 
t o u r s ,   e x c e p t  now b a s e d   o n   t h e   f i e l d   ( n u m e r i c a l l y   i n t e g r a t e d )   w a v e f o r m  are  
shown i n   f i g u r e  5.6A. Here t h e   i n t e r s e c t i o n  i s  n o t  so  t i g h t l y   c l u s t e r e d   i n d i -  
c a t i n g   t h a t  more  accuracy is  g e n e r a l l y   o b t a i n e d   f r o m   t h e   d e r i v a t i v e - f o r m a t   d a t a .  
T h i s  i s  n o t   s u r p r i s i n g   s i n c e   t h e   a n a l y s i s  i s  based on a high-frequency  approxi-  
ma t ion   and   because   t he   i n t eg ra t ion   has  some e r ro r .   Fo r   compar i son   t he   e s t ima ted  
s o u r c e   l o c a t i o n   ( b a s e d   o n   t h e   d e r i v a t i v e   d a t a )  is superimposed on t h e   p l o t   o f  
a c o u s t i c   s o u r c e   l o c a t i o n s   i n   f i g u r e   5 . 4 .  

Now w e  r e c o n s t r u c t   t h e   s o u r c e .   I n   f i g u r e   5 . 7   t h e   d e r i v a t i v e   w a v e f o r m   w i t h  
t h e  estimated ( a s   d i s c u s s e d )  i s  u s e d   t o   f i n d   t h e   p e a k   v a l u e s   o f   t h e  a T / a t  
p u l s e s .   F i g u r e  5.7B  shows t h e   i n d i v i d u a l   v e c t o r   p u l s e s   ( a s   s e e n   f r o m   t h e   K i v a )  
o r i e y t e d   t o   t h e   r i g h t   a n 2   s l i g h t l y  downward.  Assuming t h a t   t h e  streamer ve loc-  
i t y  V e f f  i s  p a r a l l e l   t o  J and i n   t h e  same d i r e c t i o n   f o r   t h i s  case w e  h a v e   t h e  
e f f e c t i v e   r e c o n s t r u c t i o n  of t h e   p o s i t i v e  streaTer i n   f f g u r e  5.7A.  For t h i s  
t ype   o f   a s sumed   pos i t i ve  streamer, denoted  by veff ++ J we t a k e   t h e   i n d i v i d u a l  
v e c t o r   p u l s e s   i n   t h e i r   o r d e r   o f   o c c u r r e n c e   a n d   l a y  them out   f rom  the   g raph  
o r i g i n   s e q u e n t i a l l y   i n  a c u m u l a t i v e   m a n n e r   ( t a i l   o f   v e c t o r   c o i n c i d e n t   w i t h   h e a d  
of p r e v i o u s   v e c t o r ) .   F i g u r e   5 . 8   d o e s   t h e  same t h i n g   f o r   t h e  ;f pu l ses   f rom  the  
f i e l d  waveforms  and  gives a comparab le   p i c tu re .  

W h i l e   t h i s   l i g h t n i n g   e v e n t  w a s  a p o s i t i v e - g o i n g  streamer, i t  i s  i n t e r e s t i n g  
t o   n o t e   t h a t   t h e   i m p u l s i v e   n a t u r e  of t h e   f i e l d s  is  s i m i l a r   t o   t h a t   o f   n a t u r a l  
n e g a t i v e   s t e p   l e a d e r s .  



B .  Midrange  Leader (s) 

Our second  example is  g i v e n   i n   f i g u r e s   5 . 9   t h r o u g h   5 . 2 1 .  A s  w i l l  b e   s e e n  
t h i s  i s  a case o f   s i g n i f i c a n t   b r a n c h i n g .   F o r   s a k e   o f  a l a b e l  l e t  u s  refer t o  
t h i s  case as "midrange   leader (s ) . "   F igures   5 .9   and   5 .10  show t h e   d e r i v a t i v e  
f i e l d s  and f i e l d s   f o r   t h e  20 us r e c o r d   i n d i c a t i n g   l e a d e r - l i k e   b e h a v i o r .  

F igure   5 .11   shows  the   s low e l ec t r i c  f i e l d  and  thunder   microphone  records 
from  which a h o r i z o n t a l   r a n g e   o f  400 m i s  e s t i m a t e d .   F i g u r e   5 . 1 2   g i v e s   t h e  
a c o u s t i c   s o u r c e   r e c o n s t r u c t i o n   i n d i c a t i n g   a n   i n t e r e s t i n g   s t r e a m e r - p a t h   s t r u c t u r e .  
Extending  from  about 3 km h e i g h t ,   a b o u t  3 km t o   t h e  east ( s l i g h t l y   n o r t h  of 
e a s t ) ,   t h e p a t t e r n   d i v i d e s  a t  about   2 .5  km above   t he   K iva   and   descends   t o   t he  
moun ta in   i n  a t  least  th ree   ma jo r   channe l s .  On t h i s  is  super imposed   th ree  EM 
source   l oca t ions   de t e rmined   f rom  the   de r iva t ive   wave fo rm.  

The   whole-sky   v ideo- tape   photographs   in   f igures  5.13B and 5.14B  show t h e s e  
t h r e e   c h a n n e l s   q u i t e   c l e a r l y  as seen   f rom  the   Kiva .   F igure  5.14B cor responds  
t o  32 m s  l a te r  t h a n   f i g u r e   5 . 1 3 b .  

Looking a t  t h e  e , $  c o n t o u r s   i n   f i g u r e  5.13A f rom  the   der iva t ive   waveform 
i n   f i g u r e   5 . 9 ,  w e  do   no t  see a l l  t h e   c o n t o u r s   p a s s i n g   n e a r  a common ( e , @ ) .  It  
a p p e a r s   t h a t   s e v e r a l   s o u r c e s   a r e   l o c a t e d   a b o v e   t h e   K i v a .  From f i g u r e  5.13A 
t h r e e  ( e , $ )  v a l u e s  were found a s  i n d i c a t e d  on t h e   f i g u r e .   T h e s e   a n g l e s  are  
combined   w i th   t he   ho r i zon ta l   r ange  of  400 m t o   g i v e   t h e   e s t i m a t e d  EM s o u r c e  
l o c a t i o n s   i n   f i g u r e   5 . 1 2 .  A s  an  a i d  i n   i d e n t i f y i n g   t h e   t h r e e  sets of p u l s e s  
c o r r e s p o n d i n g   t o   t h e + t h r e e   l o c a t i o n s ,   t h e   d i r e c t i o n s   o f  a T / a t  were c o n s i d e r e d  s o  
as t o   h a v e   a l l   t h e  a T / a t  p u l s e s   i n  a p a r t i c u l a r  set h a v e   t h e  same g e n e r a l   d i r e c -  
t i o n   ( a s   i n   f i g u r e s   5 . 1 5   t h r o u g h   5 . 1 7 ) .  

C o n s i d e r i n g   t h e   f i e l d   w a v e f o r m   i n   f i g u r e   5 . 1 0   t h e   p l o t  of e , @  c o n t o u r s   i n  
f i g u r e  5.14A w a s  made. Here f o u r  se t s  of   pu lses  were i d e n t i f i e d .  S e t s  1, 2 ,  
and 3 cor respond  reasonably   to   those   f rom  the   der iva t ive   waveforms  as   do   the  
d i r e c t i o n s   o f   t h e   p u l s e s   a s  compared t o   t h e   c o r r e s p o n d i n g  a ? / a t  p S e t  4 
i n   f i g u r e  5.14A  was def ined   based   on  a d isagreement   in   the   d i rec t ioEIEFs?   pu lses  
f r o m   t h o s e   i n  set  1 as based on t h e   d i r e c t i o n s   i n   f i g u r e s   5 . 1 8  and 5.21. How- 
ever, n o t i n g   t h e   s m a l l  0 v a l u e s   f o r   t h i s   c a s e   t h e   c h a n g e   i n  @ s t i l l  cor responds  
t o   o n l y  a smaJ l   q i s tance   change  on t h e   u n i t  spJhere, b u t  a l a r g e   r o t a t i o n  of t h e  
u n i t   v e c t o r s   1 2 , 1 3 .   I d e n t i f y i n g   t h e s e  set  4 T p u l s e s   w i t h   t h e   c o r r e s p o n d i n g  

p u l s e s  i t  a p p e a r s   t h a t  set  4 pu l ses   l i ke ly   be long   combined   w i th  set  1.  

S i n c e  set  1 c o r r e s p o n d s   t o  small 8 a n  estimate of   s lan t   range   based   on  
400 m h o r i z o n t a l   r a n g e  is  l i k e l y   i n   e r r o r   b e c a u s e   t h e   l i g h t n i n g  arc i s  n o t  
e x a c t l y   v e r t i c a l .   B a s e d   o n   f i g u r e   5 . 1 2   t h e   l o w e r   h e i g h t s   a s   i n   f i g u r e   2 . 1 5   f o r  
8 = 20' are  more   reasonable .   This  i s  c o n s i s t e n t   w i t h   r e l y i n g  more  on a T / a t  
d a t a   f o r  e ,$  d e t e r m i n a t i o n .  

F o r   t h i s   n e g a t i v e   s t e p   l e a d e r  w e  have veff l.J. J ( a n t i p a r a l l e l ) .  So i n   t h e  
-f 3 

e f f e c t i v e  streamer r e c o n s t r u c t i o n   i n   f i g u r e s   5 . 1 5   t h r o u g h   5 . 2 1   t h e   v e c t o r s   f o r  
t h e   s e q u e n t i a l   p u l s e s  are s t a r t e d   f r o m   t h e   g r a p h   o r i g i n   w i t h   e a c h   v e c t o r   h e a d  
p laced  a t  t h e   p r e v i o u s   v e c t o r  t a i l .  
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Note   t ha t   va lues   o f   pu l se s   depend   on   cho ice   o f  r .  For sets 1 and 4 r is  
c l e a r l y   o v e r e s t i m a t e d   i n d i c a t i n g   t h e  true T values are somewhat less (by  per- 
haps a f a c t o r   o f   2 )   t h a n   i n d i c a t e d   i n   f i g u r e s   . 5 . 1 8   a n d   5 . 2 1 .  

C. Nearby  Leader 

Our th i rd   example  i s  g i v e n   i n   f i g u r e s   5 . 2 2   t h r o u g h   5 . 3 1 .   T h i s  i s  l a b e l l e d  
”nearby leader.” Figures   5 .22  and  5 .23 show t h e   d e r i v a t i v e  f i e l d s  and f i e l d s  
f o r   t h e  20 us r e c o r d .  

F igure   5 .24   shows  the   s low  e lec t r ic   f ie ld   and   thunder   microphone   records ,  
from  which a h o r i z o n t a l   r a n g e  of  95 m i s  estimated. F i g u r e   5 . 2 5   g i v e s   t h e  
a c o u s t i c   s o u r c e   r e c o n s t r u c t i o n   i n d i c a t i n g   o n e   p r i n c i p a l   s t r e a m e r   c h a n n e l   n e a r  
t h e  Kiva. Extending  from  about 5 km h e i g h t   t h e r e  is some b r a n c h i n g   a l s o   c o l -  
l e c t i n g   c h a r g e   a b o u t   1 . 5  km a l i t t l e  n o r t h  of w e s t .  On t h i s  is superimposed 
t h e   l o c a t i o n   o f   t h e  two EM sources   which  were v e r y   c l o s e   t o g e t h e r  on t h i s  scale. 
Figures  5.26B  and 5.27B  show t h e  same whole-sky   v ideo- tape   photograph   ind ica t ing  
a c h a n n e l   t o   t h e  w e s t .  Not ing   tha t   th i s   whole-sky   camera  i s  n o t   e x a c t l y  a t  t h e  
Kiva, but   about   50  m n o r t h o f  i t  on   the   h ighes t   po in t   o f   South   Baldy   peak   ( see  
f i g .  1.1) t h e   s e v e r a l   c h a n n e l   l o c a t i o n   t e c h n i q u e s   g i v e   q u i t e  good agreement.  

Looking a t  t h e  e ,+  c o n t o u r s   f o r   d e r i v a t i v e  d a t a  i n   f i g u r e   5 . 2 6 8  w e  f i n d  
two approximat2 sets o f   c o n t o u r   i n t e r s e c t i o n s .   T h i s  w a s  a i d e d   b y   n o t i n g   t h e  
d i r e c t i o n  of a T / a t  pu l se s   i n   f i gu res   5 .28   and   5 .29 .   F igu re   5 .278   does   t he  same 
f o r   t h e   f i e l d  waveform  pulses   wi th  good agreement ,   inc luding   the   d i rec t ions   o f  
t h e  ;f; p u l s e s   i n   f i g u r e s   5 . 3 0   a n d   5 . 3 1 .  

N o t i n g   t h e  two sources   approximate ly   above   and   be low  each   o ther ,   these  
a p p e a r   t o   b e  on o r   n e a r   t h e  same main  channel.  I t  is c o n c e i v a b l e   t h a t   t h e  
lower   source  is a p o s i t i v e  streamer and   the   upper  streamer a nega t ivz   one  w i t $  
t h e  two streamers head ing   t oward   each   o the r .   Fo r   t he   p lo t s   o f   t he , aT /a t   a2d  T 
p u l s e s   i n   f i g u r e s   5 . 2 %   t h r o u g h   5 . 3 1  w e  have   chosen   the   convent ion  V e f f  +J- J 
s i n c e   s u c h   a n   a b o v e   p o s s i b i l i t y  i s  d i f f i c u l t   t o   c o n f i r m .  

D.  Re tu rn   S t roke  

Our four th   example  is g i v e n   i n   f i g u r e s   5 . 3 2   t h r o u g h   5 . 3 9 .   T h i s  i s  l a b e l l e d  
“ r e t u r n   s t r o k e ”   b a s e d  on t h e   w i d e  (1  us) p u l s e s  as i n d i c a t e d   i n   f i g u r e   5 . 3 3 ,  as 
w e l l  a s   t h e   s u s t a i n e d   d e v i a t i o n  of t h e   l a t e r - t i m e   p o r t i o n s  of t h e  waveform. 
Figures   5 .32  and  5 .33 show t h e   d e r i v a t i v e   f i e l d s   a n d   f i e l d s   f o r   t h e  20 us 
r e c o r d s .  

Figure  5.34  shows  the slow e lec t r i c  f i e l d  and  thunder   microphone  records,  
from  which a ho r i zon ta l   r ange   o f   1775  m is e s t i m a t e d .   F i g u r e   5 . 3 5   g i v e s   t h e  
a c o u s t i c   s o u r c e   r e c o n s t r u c t i o n   i n d i c a t i n g  two p o s s i b l e   c l o s u r e s   t o   g r o u n d .  
Extending  from  about 4 km h e i g h t  a l i t t l e  no r th   o f  east of   the   Kiva   the   channel  
approaches   t he   K iva   s t r i k ing   t he   g round   abou t  2 km due east .  On t h i s  i s  super -  
imposed   t he   e s t ima ted   l oca t ions   o f   t he  EM s o u r c e ,   o n e   e a c h   f o r   t h e   d e r i v a t i v e  
waveform  and   the   f ie ld   waveform.   F igures   5 .36   and   5 .37  show t h e  same whole-sky 
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v ideo- t ape   pho tograph   i nd ica t ing  a c h a n n e l   t o   t h e  east, i n  ag reemen t   w i th   t he  
a c o u s t i c   s o u r c e   l o c a t i o n .  

Looking a t  t h e  e , @  c o n t o u r s   f o r   d e r i v a t i v e   d a t a   i n   f i g u r e   5 . 3 6 8  we f i n d  a 
s i n g l e   a p p r o x i m a t e   c o n t o u r   i n t e r s e c t i o n  somewhat n o r t h  of east and a t  a h i g h  
e l e v a t i o n .   S i m i l a r  results are f o u n d   f r o m   t h e   f i e l d   w a v e f o r m   p u l s e s   i n   f i g u r e  
5.378.  These two (e,@> values are c o m b i n e d   w i t h   t h e   h o r i z o n t a l   r a n g e   t o   g i v e  
t h e  two estimates f o r   t h e   s o u r c e   l o c a t i o n   i n   f i g u r e   5 . 3 5 .   N o t e ,   h o w e v e r ,   t h a t  
t h e   l i g h t n i n g   c h a n n e l  is n o t   v E r t i c a l  and t h e   t r u e   s o u r c e   l o c a t i o n  is  l i k e l y   t o  
b e   f a r t h e r   t o   t h e  east, and a t  a h i g h   e l e v a t i o n ,   u n l e s s  some b ranch ing   occu r s  
back  toward  the west. 

~ Figures   5 .38   and   5 .39   g ive   the   rough streamer r e c o n s t r u c t i o n   b z s e d   o n  
a T / a t  and ? r e s p e c t i v e l y .  The   s t reamer  is  as sumed   pos i t i ve ,  i . e . ,  veff 1.1. J ,  
i n   k e e p i n g   w i t h   t h e   c h a r a c t e r  of a r e tu rn   s t roke .   No te ,   however ,   t he   h igh  ele- 
v a t i o n .   T h i s   r e t u r n - s t r o k e   c o r r e s p o n d s   t o  a l a r g e  a n d   w i d e   c u r r e n t   p u l s e   i n  
t he   c louds .  A l a r g e r   r a n g e   ( a s  is p o s s i b l e )   w o u l d   g i v e   l a r g e r  a? /a t  and ? 
p u l s e s   t h a n   i n d i c a t e d   i n   f i g u r e s   5 . 3 8   a n d   5 . 3 9 .  

E .  Some Comments 

T h e s e   f o u r   e x a m p l e s   g i v e   r e p r e s e n t a t i v e   c h a r a c t e r i s t i c s   o f   l i g h t n i n g   n e a r  
South  Baldy  peak. Many more  recordings were o b t a i n e d .  I t  is  a n t i c i p a t e d   t h a t  
a s i g n i f i c a n t   f r a c t i o n   o f   t h e s e  w i l l  be   ana lyzed   fo r   fu tu re   pub l i ca t ion .   These  
inc lude   bo th   l eade r - l i ke   examples   and   r e tu rn - s t roke - l ike   examples ,   i nc lud ing  
even t s   nea r   t he   ho r i zon   wh ich   appea r   t o   be  more c l a s s i c a l   r e t u r n   s t r o k e s .  

From the   examples   g iven   t he   va lues   o f  T have   magni tudes   ( f rom  t ransverse  
+ 

components)  of  about 2 x 10l2 A m / s  f o r   r e t u r n   s t r o k e s   t o   a b o u t  5 X 10” Am/s 
f o r   l e a d e r - l i k e   s o u r c e s   ( n o t i n g   o r d e r  of magnitudes and d i r e c t i o n s  of streamers 
toward  (or  away f rom)   the   observer   a t   the   Kiva) .   Assuming a V e f f  of about 
l o *  m / s  g i v e s  20 kA f o r   r e t u r n   s t r o k e s   a n d  5 kA f o r   l e a d e r - l i k e   p u l s e s .   T h e s e  
are v e r y   v a r i a b l e   a n d   t h e  number is  q u i t e   a p p r o x i m a t e .   F u r t h e r   a n a l y s i s   o f   t h e  
d a t a  may s h e d   m o r e   i n s i g h t   i n t o   s u c h   r e s u l t s .  

F o r   t h e s e   d a t a  a l l  t h e   l i g h t n i n g   e v e n t s   r e p r e s e n t   n e g a t i v e   c h a r g e   b e i n g ,   i n  
e f f e c t ,   l o w e r e d   t o   e a r t h .  I t  w o u l d   b e   i n t e r e s t i n g   t o  see what  would  occur i n  
t h e  rare e v e n t  of  p o s i t i v e   c h a r g e   b e i n g   l o w e r e d   t o   e a r t h .  

I n   t h e   r e c o r d i n g s   f o r   t h e   t h r e e   c o m p o n e n t s   o f   f i e l d  t i m e  d e r i v a t i v e  a t  t h e  
K i v a   t h e   p e a k s   d i d   n o t   o c c u r  a t  e x a c t l y   t h e  same t i m e .  The s e p a r a t i o n  of t h e  
s e n s o r s  on the   g round   p l ane  w a s  about  11 n s ,  a n d   t h e   d i f f e r e n c e   i n   c a b l e   t r a n s i t  
times w a s  about  1 4  n s ,   g i v i n g  a maximum time s h i f t  of  about 25 n s .   T h i s  
r e s u l t e d   i n   p e a k s   o n   t h e   d i g i t a l   p r i n t o u t   h a v i n g  a r e l a t i v e  t i m e  d i sp lacement  of 
u p   t o   t h r e e  t i m e  i n t e r v a l s ,   o r  30 n s ,   a s  w a s  obse rved .   Fo r   t he   p re sen t   ana lys i s  
t h e   a c t u a l   p e a k s   o f   t h e   i n d i v i d u a l   c o m p o n e n t s ,   r e g a r d l e s s   o f  t i m e ,  were used .  

U n f o r t u n a t e l y   t h e   t r i g g e r   s i g n a l   f o r   t h e   B i o m a t i o n   r e c o r d e r s  w a s  n o t  
recorded  on magnet ic   t ape   in   1979,   whereas  i t  had  been so r eco rded   i n   1978 .  
T h i s   w o u l d   h a v e   g i v e n   e v e n   m o r e   d e f i n i t i v e n e s s   t o   t h e   i n t e r p r e t a t i o n s  of t h e  

57 



3-component 1979 data. However,  analysis of 1978 waveforms  does  indicate  that 
to  the 1 ms  tape  resolution,  the  waveforms all correspond to the first  return 
stroke  or  the  leader-like  anticipation  of  this  return  stroke. 

VI. SUMMARY 

A s  the  foregoing  data  and  associated  data  analysis  has  indicated,  fast 
nuclear-EMP  related  sensors  and  appropriate  fast  transient  recorders  have  much 
to  offer  for  the  measurement  and  associated  understanding  of  lightning  electro- 
magnetic  environments. The lightning  and  nuclear EMP phenomena  have  some  simi- 
lar  characteristics  because of  their  common  nature  as  transient  electromagnetic 
phenomena. 

In  this  report  we  have  discussed  some of  the results  obtained  concerning 
lightning  environments  from  our  measurements  using  such  instrumentation  on 
South  Baldy  peak. Three electromagnetic  field  components  (one  electric,  two 
magnetic)  were  measured  on a ground  plane  with 10 ns  resolution  for  recording 
times  of  about 20 us. By  comparing  the  three  field  components  to  each other, 
and  by  the use of acoustic  ranging,  the  lightning  electromagnetic  sources  were 
approximately  located  and  their  characteristics  were  studied. 

The  individual  lightning  waveforms  yielded  information  concerning  the  tem- 
poral  characteristics  of  leader  electromagnetic  fields. Pulse widths of  the 
electromagnetic  field  individual  pulses  varied  from  about  half  a  microsecond  to 
less  than 100 ns.  Characteristic  times for the rise (peak  field  divided  by 
peak  derivative)  varied  from  something  approaching 100 ns to something  less 
than 30 ns; rise  times were a,little longer  than  these  characteristic  times  for 
the  rise. 

Information  was  also  obtained  concerning  the  temporal  characteristics  of 
return-stroke  electromagnetic  fields. Pulse  widths (of  the  magnetic  field) of 
the  order of 1 us were  observed, and  rise  times  less  than 100 ns were  also 
observed.  Characteristic  times  for  the  rise  of  the  order  of 50 ns were 
observed. 

Comparing  the  fast  electromagnetic-field  pulses  from  leaders  and  return 
strokes  at  comparable  distances  from  source to observer  shows  that  the  return- 
stroke  field  waveforms  have  generally  larger  amplitudes  than  those  for  leaders. 
However, for  the  time  derivatives  of  the  electromagnetic fields, the  amplitudes 
for  leaders  and  return  strokes  are  quite  comparable. 

Combining  the  three  electromagnetic-field  time-derivative  waveforms  (or 
their  time  integrals) one  can  obtain  for  each  pulse  a  relation  between 8 and I$ 

giving a contour  in  the 8 , $  "plane." Intersections of  such  contours  can  give 
approximate ( e ,@)  values  for  source  location  providing  the  corresponding  pulses 
originate  from  nearly  the  same  locations.  With  location,  source  orientation 
(current  density  transverse  polarization)  can  then  be  determined.  AcousLic  d2ta 
can  be  used  to  estimate  distances to  these  sources. The  source  vectors 1, T 
(their  peaks  or  peak  time  derivatives)  can  then  be  plotted  to see  how  thecurrent 



direct ion  changes  f rom  pulse   to   pulse .   Connect ing  these  vectors   end  to  end 
g ives  a c rude   p i c tu re  of  th$ t o r t u o u s i t y  of the   l eader   pa th .  From the  magni- 
tudes  of  the  components of T one  can  obtain some information  concerning cur- 
r e n t s  and  streamer  speeds  by  giving  these  components  the  form Ivef f .  Typica l  
cur ren t   va lues   o f  less t h a n   t o   g r e a t e r   t h a n  10 kA are cons i s t en t   w i th  streamer 
speeds  of  the  order of  10' m / s  f o r   l e a d e r   s t r o k e s  and r e t u r n   s t r o k e s r e s p e c t i v e l y .  

This   da ta   has  some impl i ca t ions   conce rn ing   t he   fo rmula t ion   o f   c r i t e r ion  
l ightning  e lectromagnet ic   environment(s) .  The pulses   encountered are s i g n i f i -  
c a n t l y   f a s t e r   t h a n  a microsecond i n   t h e i r  rise c h a r a c t e r i s t i c s ,  even less than  
100 ns.  I n  terms of f requency   spec t rum  th i s  means much more high  frequency 
c o n t e n t   f o r   t h e   i n d i v i d u a l   p u l s e s .  A de t a i l ed   f r equency   spec t r a l   ana lys i s  of 
t hese   k inds  of pu l se s  would  be q u i t e   u s e f u l   f o r   t h e   f o r m u l a t i o n  of l i g h t n i n g  
e l e c t r o m a g n e t i c   c r i t e r i a .  One should  note  that   these  waveforms are n o t   s t r i c t l y  
appl icable   for   d i rec t - s t r ike   l igh tn ing   s ince   measurements  w e r e  no t  made i n   s u c h  
an  environment. One  may expect  some of the  presently  observed  environmental  
c h a r a c t e r i s t i c s   t o   a p p l y   i n   t h e   d i r e c t - s t r i k e   c a s e ,   b u t   t h i s  is not a f u l l  
d e s c r i p t i o n .  

The measurements  reported  here were made on South  Baldy  peak.  Measurements 
a t  o ther   geographica l   loca t ions   wi th   d i f fe ren t   a tmospher ic   condi t ions   might  
r e v e a l  some d i f f e rences   i n   t he   e l ec t romagne t i c  waveforms  from those  obtained 
he re .   In   t he   con tex t  of South  Baldy  peak more a n a l y s i s  of t h e   e x i s t i n g   d a t a  
may r e v e a l   a d d i t i o n a l   i n t e r e s t i n g   f e a t u r e s ;   a d d i t i o n a l  waveforms a re   p l anned   t o  
be   i nc luded   i n  a f u t u r e   r e p o r t .   F u t u r e  measurements may a l s o   o b t a i n  more com- 
p l e t e   l i g h t n i n g  waveform information by f i n e r  time re so lu t ion ,   l onge r   r eco rd ing  
time windows, and/or   addi t iona l   and/or  more accu ra t e  t ie- ins  wi th   o ther   phys ica l  
phenomena. 
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Figure 1.1.- Top view of electromagnetic and r e l a t e d  measurement layout 
around South  Baldy  Peak, New Mexico. 
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Figure 2.1.- Leader example: 20 us scale. 
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Figure 2 . 2  .- Same leader example: 7 I-cs Scale.  

T I  3 1  s 

e a s t  component of aBlat 

t in us 

-3 
e a s t  component of B 

0 .3  

P T ” 

0 5 10 15 20 

t in us  

Date: 79219 M . S . T . :  1 0 3 4 : 2 2  

Figure 2 .3 . -  Return-stroke example: 20 us sca le .  
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Figure 2.4.- Same r e tu rn - s t roke  example: 7 ps scale. 

north 

A .  Coordinate systems 

1 0 . 1  

Figure  3.1.- C o o r d i n a t e s   f o r   l i g h t n i n g   d a t a   a n a l y s i s .  
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1 N (geographic) 

Figure 3.2.- Polar  plot for determining  direction to source. 
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Date: 79228  M.S.T.: 1545:12 

Figure 5.1 .- Derivative fields from rocket-triggered  lightning. 
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Figure 5.2.- Fields from rocket-triggered lightning. 

~ " ? m K i M t o " : ) 5 r J m  

Date: 7 9 2 2 8   W . S . T . :  1345:lZ 

Figure 5.3.- Slow electric  field change 
and RF power received at 34 MHz from 
rocket-triggered lightning. 
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Figure 5.4.- Acoustic location of rocket-triggered lightning. 
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Figure 5.5.- e,$ contours for rocket-triggered derivative  waveform 
and whole-sky videotape photograph. 
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Figure 5.6.- e ,@ contours for rocket-triggered  waveform  and 
whole-sky videotape photograph. 
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-+ 
Figure 5.7.- aT/at for rocket-triggered lightning. 
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8 .  Peaks of ;i 

D o t -  I 79228 H.S. T., 1545: 12 

0 I 171°, 8 - 35'. r - 6 1 h  
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Figure 5 . 8 . -  T for rocket-triggered  l ightning.  
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Figure 5 . 9 . -  D e r i v a t i v e   f i e l d s  from 

: 1022 51 

midrange leader (s) . 
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Dare: 79219 M . S . T . .  1022:SI 

Figure  5.10. - Fields  from  midrange leader (s) . 
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J 1 . 2  set. L 
horizontal  range = 400 m 

Date: 79219 M . S . T . :  1022:51 

Figure 5.11.- Slow E f i e l d  change  and  thunder  microphone  record 
of midrange leader. 
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SOU7H 

O?/CZv A7 /RON XIYA 

ticks on axes at 1 h intervals 

Dace : 79219 M.S.T. : 1022:51 

Note: Three lightning channels to  earth 
1.2.3 i n d i c a t e  set numbers of a t l a r  pulses 

Figure  5.12 . -  A c o u s t i c  l o c a t i o n  of m i d r a n g e   l e a d e r ( s ) .  

'I t 

Figure  5.13.- e,@ con tour s   fo r   mid range   l eade r   de r iva t ive  waveform  and 
whole-sky  videotape  photograph. 
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Y E 

Figure 5.14.- e,@ contours  for midrange leader waveform  and 
whole-sky videotape photograph. 
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- 7  70E - 7  

@ - 322O. 0 - Zoo. r = 1170 m 
8. P& of a i l a t  

Oat- I 79219 H.S.T., 1022.51 

+ 
Figure 5.15.- aT/a t  for midrange leader  (set 1 ) .  
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0 .  Peaks  of a f t a t  

d - 17E0. 6 = 36'. r = 681 
D o t o  I 78218 M.S.T.8 1022.51 

-t 

Figure 5.16.-  aT/at for midrange leader (set 2 ) .  
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8 .  Peak8 of aflat 
P = 230°. 6 - 67'. r - 4 3 5  n 

Doto I 79218 M . 5 .  T . I  1822.51 

-+ 
Figure 5.17 .- aT/at for midrange leader (set 3) . 
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A .  Effective  reconscruccion Of neeative screamer 
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B. Peaks  of f 
0.3 1 0 " A  m/- ) 

> = 14C0. L. = 6'. r = 3527 m 

Oat- I 79219 M.S. 1.1 1822.51 

+ 
Figure 5.18.- T for midrange leader  (set  1 ) .  
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- 1  

Om- 1 8 . 9 3  

B .  Peaks Of i 
0 = 173'. .: = 51'. I. = 5 1 5  m 

Dot- I 79219 M.S.T.3 1822.51 

-+ 
Figure 5.19.- T for midrange leader (set 2 ) .  
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A. Effective reconstruction of negative sfreamer 

7! peak 
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J (Units o f  
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B. Peaks of i 

.I = 2 4 3 O .  . = 5 0 ° .  r ~ 5 2 2  n 

Oatr e 79219 H.S. T. I  1022.51 

+ 
Figure 5.20.- T for midrange leader  (set 3)  . 
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A. Effective reconstruction of negat ive  streamer 
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= 170”. a = 9” .  r = 2557 rn 
B. Peaks of t 

Oat- I 79819 H.S.T.. 1022.51 

+ 
Figure 5.21 .- T for midrange leader (set 4 )  . 
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I I  I I I I 11111 II ._ .. 

-5 1 
Dace 79225 f 4 . S . T . :  1246 19 

Figure 5 .22 . -  D e r i v a t i v e   f i e l d s  from nearby  leader. 

-0. 
0.5 

r in Y S  

-0 
b t e .  79225 M . S . T . :  1246~19 

Figure 5 .23 . -  F ie lds  from nearby  leader. 
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return  stroke 

leader 
and  presumed  time of 
trigger 

Date: 79225 M.S.T.: 1246:19 

Figure 5 .24 . -  Slow e l e c t r i c   f i e l d  change and thunder  microphone record 
f r m  nearby  leader  streamer. 

ticks on axes at 1 km intervals 

Date  :79225 M.S.T. ! 1246.19 

Figure 5 .25 . -  Acoust ic   locat ion of l ightning  with nearby  leader  streamer. 
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Figure 5.26.- 8 ,@ contours   for   nearby leader d e r i v a t i v e  waveform 
and  whole-sky  videotape  photograph. 

.,I,. 

i. 

:i 
? 

Figure  5.27.- 8 ,@ contours  for nearby  leader  waveform and 
whole-sky  videotape  photograph. 
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A.EfEeecive recanstruccion of neeacive streamer 

-+ 
Figure 5.28.- aT/at for nearby  leader (set 1) .  

+ 
Figure 5.29.- aT/a t  for nearby leader (set 2 ) .  
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A. Effective  reconstruction  of  negative streamer 

B .  Peaks of 7 
$ - 7 1 ' .  0 = 19'. r - 292 m 

kt- n 79225 M.S. T. I 1246.19 

+ 
Figure 5.30.- T for  nearby  leader (set 1 ) .  

b.Effecrive reconstruction of negative  Streamer 

8 .  Peaks of f 
a = 86' .  9 = 53'. r = 119 n 

Dot- I 79225 M. 5. T.I 1246.19 

+ 
Figure 5.31 .- T for nearby  leader (set 2 ) .  
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r I" "B 
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Dare: 79219 H S.1: 1013.04 

Figure 5.32.- D e r i v a t i v e   f i e l d s  from distant   return-stroke.  
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-3 - Date: 79219  H.S.T.:   1013:Oh 

Figure 5.33.- Fie lds   fran  d is tant   return-stroke .  
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Time % 
code 

Thunder 
microphone 
output 

Slow 
antenna 
A E  

0 

horizontal  range = 1775 m 

Date:  79219 M.S.T.: 1013:04 

Figure  5.34.- Slow E f i e l d  change  and  thunder  microphone record 
of d i s t a n t   r e t u r n - s t r o k e .  

ZENITH 

ticks on axes at 1 km intervals 

Date : 79219 M.S.T. : 1013:04 

Figure  5.35.- Acous t i c   l oca t ion  of l i g h t n i n g  
with a d i s t a n t   r e t u r n  stroke. 
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Figure  5.36.- e,$ contours  €or d i s t a n t   r e t u r n - s t r o k e   d e r i v a t i v e  waveform 
and  whole-sky  videotape  photograph. 

* :  

j t.! ,,.,, c.5.i.j p. .., ..."-.,, l'. C-c" K'.:., : 

Figure  5.37.- e,$ c o n t o u r s   f o r   d i s t a n t   r e t u r n - s t r o k e  waveform  and 
whole-sky  videotape  photograph . 
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A .  Zffeccive  reconstruction  of  positive  streamer 

- 1d I 
- 10 B 

0 = 303'. 9 = 35'. r = 3138 rn 

Dot- I 79219 H.S. T., 1013.04 

8 .  peaks of a:/ac 

-+ 
Figure 5 . 3 8 . -  aT/a t  for d i s t a n t   r e t u r n  stroke. 
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B. Peaks of ? 

3 = 280'. 0 = 23'. r - 4607 m 
Dot- I 79219 Y.S.T., 1013.04 

-% 

F i g u r e  5.39.- T for d i s t a n t   r e t u r n   s t r o k e .  
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ELECTROMAGNETIC SENSORS FOR GENERAL 

LIGHTNING  APPLICATION 

Carl  E .  Baum,   Edward  L.  B r e e n ,   a n d   J o h n  P .  O ' N e i l l  
A i r  Force W e a p o n s   L a b o r a t o r y  

Charles  B.  Moore 
N e w  Mexico I n s t i t u t e   o f   M i n i n g  a n d  T e c h n o l o g y  

G a r y  D.  S o w e r  
EG&G A l b u q u e r q u e ,  N .  M .  

ABSTRACT 

T h i s   p a p e r  d iscusses  e l e c t r o m a g n e t i c   s e n s o r s   f o r   g e n e r a l  
l i g h t n i n g   a p p l i c a t i o n s   i n   m e a s u r i n g   e n v i r o n m e n t  a s  well a s  s y s t e m  
r e s p o n s e  t o  t h e   e n v i r o n m e n t .   T h i s   i n c l u d e s  e l e c t r i c  a n d   m a g n e t i c  
f i e l d s ,   s u r f a c e   c u r r e n t   a n d   c h a r g e   d e n s i t i e s   a n d   c u r r e n t s   o n   c o n -  
d u c t o r s .  Many EMP s e n s o r s  are  d i r e c t l y  appl icable  t o  l i g h t n i n g  
m e a s u r e m e n t s ,  b u t  t h e r e  are  some s p e c i a l  cases o f  l i g h t n i n g  mea- 
s u r e m e n t s   i n v o l v i n g  d i r ec t  s t r i k e s   w h i c h   r e q u i r e   s p e c i a l   d e s i g n  
c o n s i d e r a t i o n s   f o r   t h e   s e n s o r s .  

T h e   s e n s o r s   a n d   i n s t r u m e n t a t i o n  used  b y  NMIMT i n   c o l l e c t i n g  
da t a  o n   l i g h t n i n g  a t  S o u t h   B a l d y   p e a k   i n   c e n t r a l  N e w  Mexico dur-  
i n g   t h e  1978 a n d  1979 l i g h t n i n g   s e a s o n s  w i l l  a l s o  be d i s c u s s e d .  
T h e   L a n g m u i r   L a b o r a t o r y   f a c i l i t i e s   a n d  d e t a i l s  o f   t h e   u n d e r g r o u n d  
s h i e l d e d   i n s t r u m e n t a t i o n  room a n d   r e c o r d i n g   e q u i p m e n t  w i l l  be 
p r e s e n t e d .  

I .  INTRODUCTION 

I n   m e a s u r i n g   t h e   l i g h t n i n g   p u l s e ,   o n e   h a s  t o  o f t e n  deal w i t h  
d i s t r i b u t e d   e l e c t r o m a g n e t i c   q u a n t i t i e s   s u c h  as  e l e c t r i c  a n d  mag- 
n e t i c   f i e l d s ,   c u r r e n t   d e n s i t i e s ,   c h a r g e  d e n s i t i e s ,  a n d   c o n d u c t i v -  
i t y ,  as w e l l  a s  i n t e g r a l   q u a n t i t i e s   s u c h  as  vo l t age  a n d   c u r r e n t .  
A s  i n d i c a t e d   i n  F i g u r e  1.1, t h e r e  a re  f o u r   k i n d s  of d i s t r i b u t e d .  
q u a n t i t i e s   t h a t  a re  d i r e c t l y  re la ted  b y  Maxwell's e q u a t i o n s   a n d  
c o n s t i t u t i v e  equa t ions .  I t  is t h e s e   q u a n t i t i e s ,  a c o m b i n a t i o n  
o f   t h e m ,  o r  s imple  t r a n s f o r m a t i o n s  of t h e m   t h a t   o n e   w i s h e s  t o  
measure. T h e   s e n s o r  problem is t h e n   b a s i c a l l y  how t o  measure 
t h e s e .   ( S e e  (1) f o r  a d i s c u s s i o n  of s e n s o r s  f o r  EMP m e a s u r e m e n t s . )  
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W h a t   t h e n  is a s e n s o r ?  For p u r p o s e s  of t h i s   d i s c u s s i o n ,  l e t  
u s  quote o u r   d e f i n i t i o n  of a s e n s o r  as a special  k i n d  of a n t e n n a  
w i t h   t h e   f o l l o w i n g   p r o p e r t i e s  (1): 

1) I t  is a n   a n a l o g  device w h i c h   c o n v e r t s   t h e  electromag- 
n e t i c   q u a n t i t y  of i n t e r e s t  t o  a v o l t a g e  or c u r r e n t   ( i n  
t h e  c i r cu i t  s e n s e )  a t  some t e r m i n a l  p a i r  for d r i v i n g  a 
load i m p e d a n c e ,   u s u a l l y  a c o n s t a n t   r e s i s t a n c e   a p p r o -  
p r i a t e  t o  a t r a n s m i s s i o n   l i n e  (cable)  t e r m i n a t e d   i n  
i ts  c h a r a c t e r i s t i c   i m p e d a n c e .  

2 )  I t  is passive.  

3 )  I t  i s  a p r i m a r y   s t a n d a r d   i n   t h e   s e n s e   t h a t  for con-  
v e r t i n g   f i e l d s  t o  v o l t s  a n d   c u r r e n t ,  i ts  s e n s i t i v i t y  
is well known i n  terms of i ts  g e o m e t r y ;  i . e . ,  i t  i s  
l lca l ibra tab le  by  a r u l e r " .   T h e   i m p e d a n c e s   o f   l o a d i n g  
e l e m e n t s  may be m e a s u r e d   a n d  trimmed. Viewed a n o t h e r  
way it is i n   p r i n c i p l e  a s  accurate a s  t h e   s t a n d a r d  
f i e l d   ( v o l t a g e ,  e t c . )  i n  a c a l i b r a t i o n   f a c i l i t y .  ( A  
f e w   p e r c e n t   a c c u r a c y  is t y p i c a l l y   e a s i l y   a t t a i n a b l e   i n  
t h i s   s e n s e .  ) 

4 )  I t  is d e s i g n e d  t o  h a v e  a s p e c i f i c   c o n v e n i e n t   s e n s i t i v -  
i t y  ( e . g . ,  1 . 0 0  x 10-3 m2) f o r  i ts  t r a n s f e r   f u n c t i o n .  

5 )  I t s  t r a n s f e r   f u n c t i o n  is d e s i g n e d  t o  be s i m p l e  across 
a wide f r e q u e n c y   b a n d .   T h i s  may  mean " f l a t "  i n  t h e  
s e n s e  of v o l t s  p e r   u n i t   f i e l d  or time d e r i v a t i v e   o f  
f i e l d ,  o r  i t  may  mean some o t h e r   s i m p l e   m a t h e m a t i c a l  
form t h a t   c a n  be s p e c i f i e d   w i t h  a f e w   c o n s t a n t s   ( i n  
w h i c h  case more t h a n   o n e   s p e c i f i c   c o n v e n i e n t   s e n s i -  
t i v i t y  number is  c h o s e n ) .  

For  t h e   m e a s u r e m e n t   o f  l oca l  e l e c t r i c  f i e l d   a n d   t o t a l - c u r r e n t -  
d e n s i t y   q u a n t i t i e s ,  w e  u se  a n  e l e c t r i c  d i p o l e   s e n s o r   ( d i p o l e  due 
t o  r e c i p r o c i t y   b e t w e e n   t r a n s m i s s i o n   a n d   r e c e p t i o n )  as i n d i c a t e d  
i n   F i g u r e  1 . 2 .  T h e   e q u i v a l e n t   c i r c u i t s  are  f o r  t h e  case w h e r e   t h e  
s e n s o r  is  e l e c t r i c a l l y  small .  If t h e  medium is c o n d u c t i n g ,   t h e n  
a c o n d u c t a n c e  G a p p e a r s   i n  pa ra l l e l  w i t h  t h e  c a p a c i t a n c e  C .  I n  a 
l i g h t n i n g  source r e g i o n   i n  a i r ,  G is time d e p e n d e n t   a n d  a f u n c t i o n  
of t h e  e l e c t r i c  f i e l d ;   t h e r e  is a c o n d u c t i o n  a s  w e l l  a s  a d i s -  
p l a c e m e n t   c u r r e n t   d e n s i t y ,   a n d   t h e r e  is a s o u r c e   c u r r e n t   d e n s i t y  
o f   h i g h   e n e r g y   e l e c t r o n s .   T h e   T h e v e n i n   a n d   N o r t o n   e q u i v a l e n t  
c i r c u i t s   c o r r e s p o n d  most c o n v e n i e n t l y  t o  o p e n   c i r c u i t   a n d  s h o r t -  
c i r c u i t   c o n d i t i o n s   w h e r e   t h e   m a g n i t u d e   o f   t h e  load i m p e d a n c e  ZC 
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is l a r g e  or small, r e s p e c t i v e l y ,   c o m p a r e d  t o  t h e  m a g n i t u d e   o f  
t h e  source impedance l/(sC), or better l / ( s C  + G )  where s is t h e  
c o m p l e x   f r e q u e n c y   ( L a p l a c e   t r a n s f o r m   v a r i a b l e  w i t h  r e s p e c t  t o  
time i n d i c a t e d   b y  a t i l d e  above  a q u a n t i t y ) .   F o r   o p e n  c i r cu i t  
p u r p o s e s ,  t h e  s e n s i t i v i t y  is c h a r a c t e r i z e d   b y  a c o n s t a n t   e q u i v a -  
l e n t   l e n g t h  (or h e i g h t )  Tee ( a  v e c t o r )   w h i c h   s a m p l e s   t h e   i n c i -  
d e n t  e lec t r ic  f i e l d   i n  a d o ?   p r o d u c t   s e n s e .   F o r  sho r t  c i r c u i t  
p u r p o s e s ,  t h e  s e n s i t i v i t y  is characterized by a n  e q u i v a l e n t  area 
Tees which  s a m p l e s   t h e   i n c i d e n t   c u r r e n t   d e n s i t y   d i s p l a c e m e n t  
c u r r e n t   d e n s i t y   i n   f r e e   s p a c e )   i n  a do t -p rodsc t   s ense   w i th   con-  
v e n t i o n s  as  i n   F i g u r e  1 . 2 .  N o t e   t h a t   f e e q ,  Aeeq,  and C are de- 
f i n e d   b y  t h e  a s y m p t o t i c   f o r m   o f   t h e   r e s p o n s e   i n   t h e   e l e c t r i c a l l y  
small s e n s e .   T h e s e   p a r a m e t e r s  are n o t  a l l  i n d e p e n d e n t   b u t  are 
r e l a t e d  b y  

w i t h  as  t h e  p e r m i t t i v i t y   o f  f r ee  space (or o t h e r  s u r r o u n d i n g  
u n i f o r m   i s o t r o p i c   m e d i u m )  (18) .  Note i n  F i g u r e  1.1 t h a t  open  and 
s h o r t   c i r c u i t   f o r   s u c h  a s e n s o r   c o r r e s p o n d  t o  two  of  t h e  f o u r  
bas i c  t y p e s   o f   q u a n t i t i e s   f r o m   M a x w e l l ' s   e q u a t i o n s .  

F o r   m a g n e t i c   q u a n t i t i e s  w e  u s e  a m a g n e t i c   d i p o l e   s e n s o r  ( a  
l o o p )  as i n d i c a t e d   i n   F i g u r e  1 .3 .  The e q u i v a l e n t   c i r c u i t s   f o r  
e l e c t r i c a l l y  small s e n s o r s  are  characterized by a n  i n d u c t a n c e  
L ( a n d   p e r h a p s  szme series r e s i s t a n c e  w h i c h  is  k e p t  s m a l l ) ,   a n  
e x u i v a l e n t  area Aheq f o r   o p e n   c i r c u i t   m e a s u r e m e n t s   f o r  w h i c h  
a B / a t  is  sampled  ( Z l t h  u n i t s  V/m2 or v o l t a g e   d e n s i t y ) ,  a n d  a n  

H i s  sampled.  Open and s h o r t  c i r c u i t s   c o r r e s p o n d  t o  t h e  magni- 
t u d e   o f  ZC ( t h e  l o a d ,   u s u a l l y   r e s i s t i v e )   l a r g e  or s m a l l ,   r e s p e c -  
t i v e l y ,   c o m p a r e d  t o  t h e  magn i tude   o f  s L .  T h e s e  q u a n t i t i e s  are 
re la ted  by 

& e q u i v a l e n t   l e n g t h  Pheq f o r   s h o r t   c i r c u i t   m e a s u r e m e n t s   f o r  w h i c h  

Ah 
- L -  - - l h  

eq  ' 0  e q  

where po is t h e  p e r m e a b i l i t y  of f r e e   s p a c e .   A g a i n ,  these param- 
e ters  are d e f i n e d   b y  t h e  a s y m p t o t i c   f o r m   o f   t h e   r e s p o n s e   i n  t h e  
e l ec t r i ca l ly  small s e n s e  (18) .  I n   F i g u r e  1.1, open-   and sho r t -  
c i r c u i t   c o n d i t i o n s   c o r r e s p o n d   t o  t h e  r e m a i n i n g  t w o  o f  t h e  f o u r  
basic t y p e s   o f   q u a n t i t i e s   f r o m  Maxwell's e q u a t i o n s .  

An i m p o r t a n t   q u e s t i o n   r e l a t i n g  t o  t h e s e   k i n d s  of sensors  
i s  w h i c h   t y p e  is best f o r  a c e r t a i n   k i n d   o f   a p p l i c a t i o n .   S u c h  
q u e s t i o n s  are u s u a l l y  cast i n t o   a n   e f f i c i e n c y   f o r m a t  i n  t h e  s e n s e  
o f  most o u t p u t   p e r   u n i t   i n p u t .  Here o n e  m u s t   r e c o g n i z e  t h e  broad-  
band  character of the   measu remen t   p rob lem so t h a t   o u t p u t   s h o u l d  
a l so  i n c l u d e   a n   a p p r o p r i a t e   b a n d w i d t h   i n  i ts  d e f i n i t i o n .  
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O n e   c o n c e p t   o f  h i s to r i ca l  a n d   t e c h n i c a l   i n t e r e s t  i s  t h a t  of 
e q u i v a l e n t   v o l u m e   t h a t  has t h e   f o r m u l a s  (18), ( 2 6 )  f o r  e l e c t r i c  

a n d   m a g n e t i c   d i p o l e   s e n s o r s ,   r e s p e c t i v e l y .   T h e   e q u i v a l e n t   v o l u m e  
i s  b a s e d  oc t h e   e n e r g y   e x t r a c t e d   f r o m   t h e   i n c i d e n t   f i e l d   a n d  de- 
l i v e r e d  t o  t h e   l o a d .   T h i s   e q u i v a l e n t  volume c a n  be d i v i d e d   b y  
a geometrical vo lume  t o  g i v e  a d i m e n s i o n l e s s   e f f i c i e n c y .   T h i s  
geometrical  v o l u m e   m i g h t  be a s p e c i f i e d   v o l u m e   i n t o   w h i c h  t h e  
s e n s o r  is t o  f i t ;   t h e  be t t e r  s e n s o r   d e s i g n  h a s  t h e  bet ter  e f f i -  
c i e n c y .   T h i s   t y p e   o f   d e f i n i t i o n  is a p p r o p r i a t e   f o r  cases i n   w h i c h  
t h e   s e n s o r  i s  e l e c t r i c a l l y  small a t  a l l  f r e q u e n c i e s  of i n t e r e s t ,  
t h e  c r i t i c a l  f r e q u e n c y  l / ( Z C C )  a n d   Z c / L   ( f o r   c o n s t a n t   r e s i s t a n c e  
Z,) is w i t h i n  t h e  e l e c t r i c a l l y  small regime, a n d   t h e  bas ic  l imi ta -  
t i o n   o n  t h e  s e n s o r   d e s i g n  is s i z e .  

S e v e r a l   o f   t h e   s e n s o r   t y p e s   d i s c u s s e d   h e r e i n  are  n o t   c o n -  
s t r a i n e d   d i r e c t l y   b y   p h y s i c a l   d i m e n s i o n s  but  b y   u p p e r   f r e q u e n c y  
r e s p o n s e  ( I c  o r  f c   w h i c h  m i g h t  be i n t e r p r e t e d  a s  a c h a r a c t e r i s t i c  
time t c )  f o r   w h i c h  t h e  a p p r o x i m a t i o n  of t h e  r e s p o n s e   b e i n g  propor- 
t i o n a l  t o  t h e  time d e r i v a t i v e   t y p e   o f   f i e l d   q u a n t i t y   d o t t e d   i n t o  
a n   e q u i v a l e n t  area b r e a k s  d o w n .   T h e   s e n s o r  s i z e  c a n  be made as 
la rge  a s  p o s s i b l e  t o  o b t a i n   s e n s i t i v i t y   f o r  a g i v e n   b a n d w i d t h .  A s  
t h e  s e n s o r  s i ze  is  i n c r e a s e d ,  t h e  a p p r o x i m a t i o n   o f   a n   e l e c t r i c a l l y  
small s e n s o r  breaks down a t  t h e  h i g h e s t   f r e q u e n c i e s   o f   i n t e r e s t .  
One d e f i n e s   t h e n  t h e  cha rac t e r i s t i c  f r e q u e n c y  o r  time a c c o r d i n g  
t o  when t h e  i dea l  do t  p r o d u c t   a n d   d e r i v a t i v e   r e s p o n s e  is  i n  e r ror  
b y  some s p e c i f i e d   a m o u n t .   T h e   r e s u l t i n g   f i g u r e  of merit is  f o u n d  
t o  b e  

f o r  e l e c t r i c  a n d   m a g n e t i c   d i p o l e   s e n s o r s ,   r e s p e c t i v e l y ,   w h e r e  t h e  
w a v e   i m p e d a n c e   o f   f r e e  space is  
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zo = ($) (1 .5 )  

a n d  ZC i s  t h e  assumed f r e q u e n c y   i n d e p e n d e n t  load r e s i s t a n c e ,  
t y p i c a l l y   t h e  charac te r i s t ics  i m p e d a n c e   o f  a t r a n s m i s s i o n   l i n e .  
For  t h i s  p u r p o s e ,  w e  h a v e   i n t r o d u c e d  a character is t ic  l e n g t h  
( n o t i n g  t h a t  t h e  h i g h - f r e q u e n c y   l i m i t a t i o n   t e n d s  t o  be re la ted  
t o  t r a n s i t  t imes o n  t h e  s t r u c t u r e )  as 

where  c b e i n g  t h e  s p e e d  of l i g h t ,   t h u s   p u t t i n g  t h e  b a n d w i d t h   i n  
l e n g t h   u n i t s .   T h e  f i g u r e  of merit is of t h e  f o r m   s e n s i t i v i t y  
t imes ( b a n d w i d t h ) 2 ,  a q u a n t i t y  w h i c h  is  n o t  a f u n c t i o n  of s e n s o r  
s i z e  b u t   o n l y  a f u n c t i o n  of t h e  d e s i g n ,   s h a p e ,  a n d  impedance  load- 
i n g   d i s t r i b u t i o n .   T h e   d e f i n i t i o n  of t h i s  f i g u r e  of merit i s  based 
on  power d e l i v e r e d  t o  t h e  l o a d  Zc w h i c h  places  e l e c t r i c  a n d  mag- 
n e t i c  s enso r s  o n  a common basis  f o r  c o m p a r i s o n  ( 4 0 ) .  

T h e   v a r i o u s   s e n s o r s   i n  t h e i r  f r e e  space d e s i g n s   c a n   u s u a l l y  
be m o u n t e d   o n   g r o u n d   p l a n e s   b y   c u t t i n g  them i n  h a l f  a long  a n  ap-  
p r o p r i a t e   s y m m e t r y   p l a n e .   T h e   f i g u r e s   o f  merit f o r  a g i v e n  t y p e  
o f   d e s i g n  are  d i f f e r e n t   i n  these  t w o  s i t u a t i o n s .   I n  t h i s  p a p e r  
w e  r e f e r  t h e  f i g u r e s  of merit f o r  each d e s i g n   t y p e  t o  t h e i r  f ree  
space ( f u l l   s e n s o r )   v e r s i o n s .  Note t h a t  a p a r t i c u l a r   s e n s o r  de- 
s i g n   i n  a g r o u n d   p l a n e   v e r s i o n  may h a v e  a d i f f e r e n t   e q u i v a l e n t  
a rea  a n d  d r i v e  a d i f f e r e n t   l o a d   i m p e d a n c e ,   a l t h o u g h  b o t h  are 
s i m p l y  r e l a t e d  t o  t h e  f ree  space v e r s i o n s .  

A n o t h e r  common t y p e  of e l e c t r o m a g n e t i c   s e n s o r  is t h a t  u s e d  
f o r  m e a s u r i n g   c u r r e n t  o r  c u r r e n t   d e n s i t y ,  s p e c i f i c a l l y   f o r  mea- 
s u r i n g   t h e  t i m e  d e r i v a t i v e  of t h e  c u r r e n t   " t h r o u g h "  t h e  s e n s o r  
v i a   i n d u c t i v e   c o u p l i n g  t o  t h e  a s s o c i a t e d   m a g n e t i c  f i e l d  ( 2 4 ) .  
An a t e r n a t e  scheme  f o r  m e a s u r i n g  t h e  c u r r e n t   d e n s i t y   i n v o l v e s  
a s h o r t - c i r c u i t  e l e c t r i c  d i p o l e  as i n   F i g u r e  1 . 2  ( 7 ) .  However ,  
t h i s  h a s  s i g n i f i c a n t   l i m i t a t i o n s   i n   n u c l e a r   s o u r c e   r e g i o n  
a p p l i c a t i o n s .  

T h e   i n d u c t i v e   c u r r e n t   s e n s o r  is s h o w n   s c h e m a t i c a l l y   i n   F i g -  
u r e  1 . 4 .  I t  i s  character ized by a m u t u a l   i n d u c t a n c e  M r e l a t i n g  
t h e   o p e n  c i r c u i t  ( O C )  v o l t a g e  t o  t h e  time d e r i v a t i v e  of t h e  
t o t a l  c u r r e n t  Lt ( i n c l u d i n g   d i s p l a c e m e n t   c u r r e n t ,   i . e . ,   s u r f a c e  
i n t e g r a l  of & a E / a t ) .   I n h e r e n t  t o  t h e  s e n s o r   d e s i g n  is t h e  e q u a l -  
i t y  of t h e  l i n e   i n t e g r a l   o f  t h e  m a g n e t i c  f i e l d  a r o u n d   a n  area t o  
t h e  s u r f a c e   i n t e g r a l   o f   t h e  t o t a l  c u r r e n t   d e n s i t y   t h r o u g h  t h e  
area.  The  basic r e l a t i o n s  are  
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T h e  l a t t e r  e q u a t i o n  is used-in t h e  case t h a t   t h e  t o t a l  c u r r e n t  
d e n s i t y  is t o  be measured; A t e q  is t h e  c o r r e s p o n d i n g   e q u i v a l e n t  
area.  I n   t h i s  l a t t e r  case t h e r e  are  two i m p o r t a n t   s e n s i t i v i t y  
p a r a m e t e r s ,   b o t h   o f   w h i c h  must be c o n s i d e r e d   f o r   t h e   a c c u r a c y  
of t h e   s e n s o r   t r a n s f e r   f u n c t i o n .   A g a i n ,   t h e s e  parameters are 
d e f i n e d   b y   t h e   a s y m p t o t i c   f o r m  of t h e   r e s p o n s e   i n   t h e  e l ec t r i -  
c a l l y  small s e n s e .  

T h i s  t y p e  of s e n s o r  a l s o  h a s  a s e l f - i n d u c t a n c e  L w h i c h  is i n  
g e n e r a l   n o t   t h e  same as M .  O n e   c o u l d   m o d i f y   t h e   T h e v e n i n   e q u i v a -  
l e n t   c i r c u i t  of F i g u r e  1 . 4  i n t o  a N o r t o n  form. However, t h i s  
w o u l d   b r i n g   t h e   s e l f - i n d u c t a n c e  L ( w h i c h  is  i n   g e n e r a l   n o t  as 
a c c u r a t e l y  known a s  M) i n t o   t h e   s e n s o r   s e n s i t i v i t y  when o p e r a t e d  
i n   t h e   s h o r t - c i r c u i t   m o d e .  

11. SENSORS FOR USE AWAY FROM LIGHTNING ARCS AND CORONA 

E l e c t r o m a g n e t i c   s e n s o r s   f o r   u s e   i n   m e a s u r i n g   l i g h t n i n g  
phenomena  a t  a d i s t a n c e   s u f f i c i e n t l y   r e m o v e d   f r o m   t h e   l i g h t n i n g  
s t r o k e   t h a t  arcs  a n d   c o r o n a  are  n o t   p r e s e n t  are v e r y  s i m i l a r  t o  
s e n s o r s   u s e d  f o r  EMP m e a s u r e m e n t s   a w a y  from a n u c l e a r   s o u r c e  
r e g i o n .   T h e s e   s e n s o r s  may be u s e d   i n   o n e   o f  t w o  w a y s ,  f o r  mea- 
s u r e m e n t  of t h e   e n v i r o n m e n t  created b y   t h e   l i g h t n i n g   a n d  f o r  
m e a s u r e m e n t   o f   t h e   r e s p o n s e   o f  a s y s t e m  t o  t h e   e n v i r o n m e n t a l  
f i e l d s .  

D-DOT SENSORS 

The  D-dot s e n s o r  i s  u s e d  t o  m e a s u r e   t h e  t i m e  r a t e  o f   c h a n g e  
o f  e l e c t r i c  f l u x   d e n s i t y .   T h e   s e n s o r ' s   r e s p o n s e  is  d e s c r i b e d   b y  
t h e   N o r t o n   e q u i v a l e n t , c i r c u i t   o f   F i g u r e  2 . 1 .  T h e   f r e q u e n c y   d o -  
m a i n   r e s p o n s e   o f   t h e   s e n s o r  is g i v e n ,   f o r   b a n d w i d t h  l i m i t e d  by  
c a p a c i t a n c e   a n d   n o t   b y   t r a n s i t   t i m e s ,   b y  

a n d   f o r   f r e q u e n c i e s   w h e r e  w < <  l / ( Z c C )   t h e   r e s p o n s e   c a n  be s i m p l y  
e x p r e s s e d  as 
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I t  i s  of p r i m a r y   i m p o r t a n c e   t h a t   a n  accurate d e t e r m i n a t i o n  of s e n -  
so r  e q u i v a l e n t  area c a n  be made. For t h a t   r e a s o n ,   o n l y   s e n s o r  
geometries w i t h   a c c u r a t e l y  calculable e q u i v a l e n t . a r e a s  are used.  
S e n s o r   c a p a c i t a n c e  as a d e s i g n   p a r a m e t e r   n e e d   n o t  be known so  
a c c u r a t e l y ,  but  i t  s h o u l d  be a l o w  value as  i t  s h u n t s   t h e  load  
r e s i s t a n c e   a n d   d e t e r m i n e s   t h e   h i g h - f r e q u e n c y   r e s p o n s e .  For v e r y  
f a s t   s e n s o r s ,  it s h o u l d  be small e n o u g h   t h a t   t h e   h i g h   f r e q u e n c y  
r e s p o n s e  is d e t e r m i n e d   b y   t r a n s i t - t i m e   e f f e c t s .  

H o l l o w  S p h e r i c a l   D i p o l e  (HSD) 

The  HSD s e n s o r   d e s i g n   ( 3 0 ) ,   ( 3 4 ) ,   ( 3 9 ) ,   ( 4 5 ) ,  ( 65 )  u s e s   t h e  
g e o m e t r y   o f  a s p h e r e   w i t h  a n a r r o w  s l o t  a r o u n d   t h e   e q u a t o r .   T h e  
s l o t  i s  r e s i s t i v e l y   l o a d e d   b y  t h e  s i g n a l  cab les .  The sensor  shown 
i n   F i g u r e   2 . 1  is t h e  HSD-SlA(R) f o r   u s e   o n  a c o n d u c t i n g   g r o u n d  
p l a n e .  I t  c o n s i s t s  o f  a h e m i s p h e r i c a l   s h e l l   m o u n t e d   o n  a g r o u n d  
p l a t e .   S i g n a l   c u r r e n t   f r o m   t h e   h e m i s p h e r e   f l o w s  t o  t h e  g r o u n d  
p l a t e   t h r o u g h   f o u r   e q u a l l y   s p a c e d  200-R s t r i p  l i n e s .  T h e   f o u r  
s t r i p   l i n e s   f r o m   t h e   h e m i s p h e r e   j o i n  a t  t h e  c e n t e r   o f   t h e  base 
o f  t h e  h e m i s p h e r e   a n d   t h e n   c o n t i n u e   a l o n g  a 50-52 coaxia l  cable t o  
t h e   o u t p u t   c o n n e c t o r .   T h e  HSD-2A(R) i s  a b a l a n c e d   o u t p u t   v e r s i o n  
o f   t h e   s e n s o r   f o r   f r e e - s p a c e   m e a s u r e m e n t s .  I t  c o n s i s t s   o f  t w o  
s e n s i n g   h e m i s p h e r e s   p l a c e d   b a c k - t o - b a c k   w i t h  a t h i n   g r o u n d   p l a n e  
between them.   The  t w o  50-R c o a x i a l  cab les  are  c o n t a i n e d   i n s i d e  
t h e   o u t p u t  stem w h i c h   e x t e n d s  r a d i a l l y  o u t   i n   t h e   p l a n e   o f   t h e  
c e n t e r   p l a t e  t o  a t w i n a x i a l   c o n n e c t o r .   T h e   s i g n a l s   f r o m  t h e  t w o  
h e m i s p h e r e s   p r o d u c e  a d i f f e r e n t i a l   s i g n a l  w h i c h  is  t h e n   c a r r i e d  
b y  s t a n d a r d  100-R t w i n a x i a l  cable ( 8 ) ,  ( 6 6 ) .  T h e   s e n s i t i v i t y   o f  
t h e  HSD s e n s o 2  i s  e x p r e s s e d  as  a n   e q u i v a l e n t  a rea .  The area is 
shown t o  be I k e e q )  = 3 n a 2   w h e r e  a is t h e  s e n s o r   s p h e r e   r a d i u s   ( 3 0 ) ,  
( 3 4 ) .   T h e  A10-90 f i g u r e   o f  merit f o r   t h i s   s e n s o r  is 0.078. HSD 
sensors  h a v e   b e e n   f a b r i c a t e d   w i t h   e q u i v a l e n t  areas o f  0 . 1  a n d  O.C1 
m2 i n   b o t h   d i f f e r e n t i a l   a n d   s i n g l e - e n d e d   v e r s i o n s .  

A s y m p t o t i c   C o n i c a l   D i p o l e  ( A C D )  

An i m p r o v e d   s e n s o r   g e o m e t r y   f r o m   t h e   s t a n d p o i n t   o f   f i g u r e  
o f  merit is t h e  ACD. The  ACD s e n s o r   g e o m e t r y  i s  d e t e r m i n e d   b y  
a m e t h o d   d e s c r i b e d   i n   ( 2 5 ) ,   ( 6 5 ) .   T h e   p a r t i c u l a r   s h a p e  used t o  
date  is d e r i v e d  from a l i n e   c h a r g e  X ( z )  o n   t h e  z a x i s  g i v e n   b y  
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z > 0 .  0 

T h e   p o t e n t i a l   d i s t r i b u t i o n   f o r   t h e   a b o v e   c h a r g e   d i s t r i b u t i o n  is  
s o l v e d   f o r   t h e  e l e c t r o s t a t i c  e q u i p o t e n t i a l s   s u r r o u n d i n g  i t .  The  
s u r f a c e   o f   t h e   s e n s o r   c o r r e s p o n d s  t o  a p a r t i c u l a r   e q u i p o t e n t i a l  
s u r f a c e   w h i c h   a p p r o a c h e s  a 100-R b i c o n e  a t  i t s  base i n  i t s  d i f -  
f e r e n t i a l   f o r m .   T h e  ACD-5A(A) s e n s o r  i s  s h o w n   i n   F i g u r e   2 . 2 .  
T h e   d e s i g n  d e t a i l s  f o r   t h i s   s i n g l e - e n d e d   s e n s o r  a re  i n   ( 4 6 ) .  I t  
c o n s i s t s   o f   t h e   s e n s o r   e l e m e n t   a t t a c h e d  t o  a 50-R coax ia l  c a b l e  
w h i c h  passes w i t h i n   t h e   g r o u n d   p l a n e  t o  t h e  coax ia l  c o n n e c t o r .  
T h e   s e n s o r   e l e m e n t  i s  s u p p o r t e d   b y  a t h i n  d i e l e c t r i c  c y l i n d e r  
w h i c h   p r o v i d e s   w e a t h e r   p r o t e c t i o n   a n d   m e c h a n i c a l   s u p p o r t .   T h e  
s e n s o r   h a s   a n   e q u i v a l e n t  area o f  1 x lo m 2  a n d   a n   u p p e r  f re -  
q u e n c y   r e s p o n s e  >75 MHz. S e n s o r   e l e m e n t   c a p a c i t a n c e  t o  g r o u n d  
is 1 7   p F .   T h e  A10-90 f i g u r e  of merit is  ~ 0 . 2  ( b a s e d   o n   m e a s u r e -  
m e n t s   o n  a s ca l e  m o d e l )   w h i c h  is c o m p a r a b l e  t o  t h e  MGL B-dot  
s e n s o r s .   T h e  ACD s e n s o r s   h a v e  a l s o  b e e n   f a b r i c a t e d   w i t h   e q u i v a -  
l e n t  a reas  of 10-2 ,  l o d 3  a n d   1 0 - 4  m2 i n   b o t h   d i f f e r e n t i a l   a n d  
s i n g l e - e n d e d   v e r s i o n s   ( 4 6 ) .  

F l u s h   P l a t e  Dipole  (FPD) 

The  geometries o f   t h e  HSD a n d  ACD s e n s o r s   c a u s e  e l e c t r i c  
f i e l d   e n h a n c e m e n t   w h i c h  is  most p r o n o u n c e d  a t  t h e   t o p   o f   t h e  
s e n s i n g   e l e m e n t .   T h e   e n h a n c e m e n t  is  t h r e e  times f o r   t h e  HSD 
a n d  larger  f o r   t h e  ACD. T h e   f l u s h   p l a t e   d i p o l e   m i n i m i z e s   f i e l d  
e n h a n c e m e n t   a n d   c h a n c e s   f o r   f i e l d   d i s t o r t i o n .   T h e   s e n s o r  geom- 
e t r y  is  shown i n   F i g u r e   2 . 3 .  I t  i s  b a s i c a l l y  a c o n d u c t i n g   d i s k  
c e n t e r e d   i n  a c i r c u l a r   a p e r t u r e   i n  a c o n d u c t i n g   g r o u n d   p l a n e  
( 1 7 ) ,  ( 3 1 ) ,  ( 3 2 ) ,   ( 5 2 ) ,   ( 6 5 ) .   T h e   s i g n a l  is t a k e n  from t h e  
s e n s o r   e l e m e n t  a t  f o u r   e q u a l l y   s p a c e d   p G i n t s   a r o u n d  i t s  c i r c u m -  
f e r e n c e  b y  200-R s t r ip  l i n e s .   T h e   s t r i p   l i n e s   f e e d  two 100-52 
coax ia l  cables  w h i c h  a re  p a r a l l e l e d   i n t o  a 50-R c o n n e c t o r .   T h e  
f l a t   s u r f a c e  of t h e   s e n s o r  is  c o v e r e d   b y  a t h i n  piece o f   m y l a r  
w h i c h  ac t s  as a w e a t h e r   c o v e r .   T h e  bottom s i d e   o f   t h e   s e n s o r  
is  c o v e r e d   b y  a c o n d u c t i n g   p a n  t o  p r o v i d e  a c o n s i s t e n t  e l e c t r i -  
c a l  e n v i r o n m e n t  as  w e l l  as t o  p r o v i d e   p r o t e c t i o n .   R e s i s t i v e  
l o o p s  a r e  p o s i t i o n e d   i n s i d e   t h e   c o v e r  t o  absorb e n e r g y   b e l o w  
t o  t h e   s e n s o r   e l e m e n t .   T h e   e q u i v a l e n t  area o f   t h e  FPD is  de- 
r i v e d   i n   ( 3 2 )   i n   w h i c h   t h e  area is g i v e n  as a n o r m a l i z e d  area 
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A = J & e q ( / ( T a b )   w h e r e  a and b are t h e   r a d i i   o f   t h e   s e n s o r  ele- 
m e n t  and t h e  c i r c u l a r   a p e r t u r e ,   r e s p e c t i v e l y .   F o r   t h e  FPD-1A 
a = 0.0508 m ,  b = 0.0635 m ,  A = 0.988,   and Aeq = 0 .01  m2. The 
n o r m a l i z e d   c a p a c i t a n c e  is c a l c u l a t e d  ( 3 2 )  f o r   v a r i o u s   d i s k   a n d  
a p e r t u r e   r a d i i ,   a n d   f o r   t h e   d i m e n s i o n s   o f   t h e  FPD-1A t h a t  v a l u e  
is 6 . 8  pF.   This  va lue  of c a p a c i t a n c e   a l o n g   w i t h   t h e   5 0 4   c a b l e  
impedance  would  give a f requency   response   o f   468  MHz. The p r e s -  
e n c e  of  t h e  m y l a r  s h e e t   c o v e r i n g  t h e  s e n s o r ,   t h e   d i s k   s u p p o r t  
s t r u c t u r e ,   a n d  t h e  bot tom  cover   add a n  a d d i t i o n a l   1 . 2  pF  and re- 
duce t h e  f r equency   r e sponse   t o   app rox ima te ly   390  MHz. The  A10-90 
f i g u r e  of merit  is  0 . 0 8   r e l a t e d   t o  a d i f f e r e n t i a l   c o n f i g u r a t i o n .  

MAGNETIC FIELD SENSORS 

T h e  i n d u c t a n c e - l i m i t e d   t r a n s f e r   f u n c t i o n   o f  t h e  m a g n e t i c   f i e l d  
s e n s o r   o f   F i g u r e  1 . 3  is g iven  by 

F o r   f r e q u e n c i e s  where  w <<  Z c / L ,  

F o r   f r e q u e n c i e s  w h e r e  w > >  Z c / L ,  

Using t h e  concep t   o f   equ iva len t   l eng th ,   t he   above   can   be   expres s , ed  
as  

( 2 . 7 )  

Mul t igap  Loop (MGL) 

The MGL s e r i e s  o f   m a g n e t i c   f i e l d   s e n s o r s  ( 2 0 ) ,  (21), (43), 
( 5 3 ) ,   ( 5 5 ) ,   ( 5 8 ) ,   ( 5 9 ) ,   ( 6 5 )  i s  used   for   h igh- f requency   B-dot  
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m e a s u r e m e n t s .   T h e  basic f r e e - f i e l d  MGL ( f u l l   l o o p )   s e n s o r  is 
b u i l t  i n   t h e  form o f  a r i g h t  c i rcular  c y l i n d e r .   T h e   c y l i n d e r  
is formed f r o m   1 / 1 6 - i n   p r i n t e d  c i r c u i t  board material w h i c h  i s  
e t c h e d  t o  p r o v i d e   t h e   g a p s   a n d  200-52 strip l i n e s   w h i c h   p i c k   o f f  
t h e   s i g n a l .   T h e   s e n s o r  is d iv ided  i n t o  four  q u a d r a n t s   b y  a x i a l  
s h o r t i n g   p l a t e s   t h a t   c o n c e c t  t o  t h e   c y l i n d e r   m i d w a y   b e t w e e n   t h e  
g a p s ;   T h e  s i g n a l s  f r o m   q u a d r a n t s   o n e   a n d   t h r e e  are combined  t o  
f o r m   o n e   s i d e   o f   t h e   d i f f e r e n t i a l   o u t p u t   s i g n a l ,   a n d   t h e   s i g n a l s  
from q u a d r a n t s  two a n d  fou r  c o m b i n e  t o  form t h e   o t h e r .   C o m b i n i n g  
t h e   s i g n a l s   i n   t h i s   m a n n e r   m i n i m i z e s   t h e   E - f i e l d   r e s p o n s e .   T h e  
g a p s  are formed w i t h   t h e   p r o p e r   a n g l e  t o  form a 200-R i m p e d a n c e  
w h i c h   i m p r o v e s   t h e   s e n s o r  risetime. T h e   c y l i n d r i c a l   g e o m e t r y  of 
t h e  MGL s e n s o r  permits a n   a p p r o x i m a t e   d e t e r m i n a t i o n   ( 2 0 )   o f   t h e  
e f f e c t s  of t h e  n u m b e r   o f   g a p s ,   t h e  cable i m p e d a n c e ,   t h e   s e n s o r  
l e n g t h ,   a n d   o r i e n t a t i o n   o f   t h e   g a p s   w i t h   r e s p e c t  t o  t h e   m a g n e t i c  
f i e l d .   T h e   s i n g l e - e n d e d   s e n s o r s  are e s s e n t i a l l y   o n e - h a l f   o f   t h e  
s e n s o r   d e s c r i b e d   a b o v e  except t h a t   t h e y   c o n s i s t  of t w o  a d j a c e n t  
q u a d r a n t s   w i t h   s i g n a l s   c o n n e c t e d   i n   p a r a l l e l .   T h e  MGL-3 (10-1 
m2) u s e d   f o r   f a r - f i e l d   l i g h t n i n g   m e a s u r e m e n t s  is  shown i n   F i g u r e  
2 . 4 .  MGL senso r s  h a v e   b e e n   b u i l t   w i t h   e q u i v a l e n t  areas of 10-1,  
1 0 - 2 ,   1 0 - 3 ,  10-4,  a n d   1 0 - 5  m2. E q u i v a l e n t  area is m a i n t a i n e d  t o  
a n   a c c u r a c y  of 23 p e r c e n t .   T h e  area a c c u r a c y   c o n s i d e r a t i o n s  are  
d i s c u s s e d   i n   ( 4 3 ) .   T h e  A10-90 f i g u r e  of merit is  0 . 2 4 .  

One-Conductor ,   Many-Turn Loop (OML) 

A s i n g l e - g a p   h a l f - c y l i n d e r  loop w i t h   f o u r - t u r n   w i r i n g   ( 1 2 ) ,  
( 6 5 ) ,   a n d   a n   e q u i v a l e n t  area o f   o n e   s q u a r e  meter is a v a i l a b l e  f o r  
m e a s u r e m e n t s   r e q u i r i n g  more s e n s i t i v i t y .   T h i s   s e n s o r ,   d e s i g n a t e d  
t h e  OML-1A(A), o p e r a t e s  as a d e r i v a t i v e  o u t p u t  dev ice  a t  f r e q u e n -  
c i e s  below 3 . 5  MHz a n d   h a s  a risetime o f   a b o u t  100  n s .   F i g u r e  
2 . 5   s h o w s   t h e   w i r i n g   d i a g r a m .   S p e c i a l   t r i a x i a l  cable w i t h  25-R 
o u t e r   l i n e   a n d  5 0 4  i n n e r   l i n e  is  u s e d .   T h e   g a p   v o l t a g e  is 
p i c k e d   o f f  a t  f o u r   p o i n t s   a n d  car r ied  b y   t h e  25-R o u t e r   l i n e s  
t o  t w o  s u m m i n g   g a p s   i n   t h e  50-R i n t e r n a l   l i n e s .   T h e  t w o  50-52 
l i n e s   d r i v e   t h e  100-R d i f f e r e n t i a l   o u t p u t  a t  t h e   f i n a l   g a p   i n  
t h e   c a b l e .   T h e   f o u r   v o l t a g e   p i c k o f f   p o i n t s   a l o n g   t h e   g a p  were 
selected e x p e r i m e n t a l l y  t o  o p t i m i z e   f r e q u e n c y   r e s p o n s e .  

M u l t i t u r n   L o o p  (MTL) 

The  MTL-1 ( 1 6 ) ,  ( 1 8 ) ,  ( 2 7 ) ,  ( 2 8 ) ,   ( 4 9 ) ,   ( 5 6 )  is  a f u l l - l o o p  
( f r e e   f i e l d )   5 0 - t u r n   s e n s o r   w i t h   a n   e q u i v a l e n t  area of 1 0  m2 a n d  
a B - d o t   u p p e r   f r e q u e n c y   r e s p o n s e  of a p p r o x i m a t e l y   2 5   k H z .   A b o v e  
2 5  kHz t h e   s e n s o r  is  s e l f - i n t e g r a t i n g   w i t h  i t s  u s e f u l   b a n d w i d t h  
e x t e n d i n g  t o  3 MHz. Above t h i s   f r e q u e n c y ,   r e s o n a n c e s   w i t h i n   t h e  

94 



c o m p l e x   s i g n a l   d i s t r i b u t i o n   n e t w o r k   p e r t u r b   t h e   o u t p u t   s i g n a l .  
T h e   s e n s o r   h a s   a n   e q u i v a l e n t   l e n g t h   o f  0.02 m and  a s e l f -  
i n d u c t a n c e   o f  6 . 3  x 10-4 H .  The MTL-1 d e s i g n   e m p l o y s   s e v e r a l  
s p e c i a l   f e a t u r e s  t o  a c h i e v e   t h e  3.5 MHz b a n d w i d t h   ( 1 2 ) .  I t  h a s  
f o u r   l o o p   g a p   s i g n a l   p i c k o f f s   a n d  is  wound i n  t w o  i d e n t i c a l   2 5  
t u r n   h a l f - l o o p s ,   e a c h  of w h i c h   d r i v e s   o n e   s i d e   o f   t h e   d i f f e r e n -  
t i a l  o u t p u t .   F i g u r e  2 . 6  s h o w s   t h e   s e n s o r   i n t e r i o r .  A s h i e l d   o f  
r e s i s t i v e l y   l o a d e d   l o o p s   c a n  be s e e n   o n   t h e   o u t s i d e   o f   t h e  c o i l .  
T h i s   s h i e l d  is  e l e c t r i c a l l y   c o n n e c t e d  t o  e i g h t   a x i a l   s h o r t s   w h i c h  
h e l p   b r e a k   u p   r e s o n a n c e s   a n d   k e e p   o u t   u n w a n t e d  e lec t r ic  and  mag- 
n e t i c  f i e l d   c o m p o n e n t s .   T h e   5 0 - t u r n   s e n s o r   l o o p  is  wound  on a 
f i b e r g l a s s  c o i l  f o r m   i n  a counter-wound  manner   with a s e q u e n c e  
o f   o v e r   a n d   u n d e r   c r o s s o v e r s   o n   d i a m e t r i c a l l y   o p p o s i t e   s i d e s   o f  
t h e   c o i l .  T h e   s i g n a l  is  d e v e l o p e d   a c r o s s   t h e   l o o p   g a p s   a n d  
t r a n s m i t t e d   t h r o u g h  25-R o u t e r   p a r t   o f  a t r i a x i a l   c a b l e  t o  t h e  
summing j u n c t i o n   w h e r e   t h e y   a d 6   a n d  are t r a n s m i t t e d   t o   t h e   s e n s o r  
o u t p u t   c o n n e c t o r s   o n  a 50-R i n n e r  p a r t   o f  a t r i a x i a l   c a b l e .  The 
two 50-R h a l f - l o o p   o u t p u t   c a b l e s   t h e n   c o m b i n e   t o   d r i v e  a 1 0 0 4  
d i f f e r e n t i a l   o u t p u t   c a b l e .  The  25-R and 50-R s i g n a l   c a b l e s  a r e  
p a r t   o f  t h e  s e n s o r   l o o p   w h i c h  is wound w i t h  50/25-R t r i a x i a l  
c a b l e .   h 4 i d p o i n t   g r o u n d s   d i v i d e  each h a l f   l o o p   i n t o   t w o   q u a r t e r  
l o o p s .  T h e  m i d p o i n t   g r o u n d   s t r u c t u r e   c o n s i s t s   o f  t h e  s e n s o r  
stem a n d   c o n n e c t i o n s   t o  t h e  l o o p   s t r u c t u r e  a t  e q u i p o t e n t i a l  
p o i n t s ,   a n d   d o  n o t  a f f e c t   t h e   d e s i r e d   s e n s o r   r e s p o n s e .  T h e y  d o ,  
h o w e v e r ,   d e c r e a s e   t h e  " e l ec t r i ca l   s i ze"  o f  t h e  s t r u c t u r e   f o r   u n -  
d e s i r e d   r e s o n a n c e s   2 n d   h e n c e   i m p r o v e  t h e  h i g h - f r e q u e n c y   p e r f o r -  
m a n c e .   A d d i t i o n a l   e q u i p o t e n t i a l   p o i n t s  are  c o n n e c t e d   t o g e t h e r  
t o   f u r t h e r   i m p r o v e   t h e   s e n s o r   r e s p o n s e .  Resistors a re  u s e d  i n  
these " i n t e r w i n d i n g   s h o r t s "   t o   d i s s i p a t e  t h e  r e s o n a n t   e n e r g y .  
F i n a l   a d j u s t m e n t s   o f   t h e   h i g h - f r e q u e n c y   r e s p o n s e  a re  made  by 
a d d i n g  a r e s i s t i v e   s h i e l d   a r o u n d   t h e   o u t s i d e   o f  t h e  c o i l   t o  
e x c l u d e  t h e  i n c i d e n t  e l e c t r i c  f i e l d  a t  l o w   f r e q u e n c i e s .  T h e  
quo t i en t   o f   equ iva len t   vo lume   d iv ided   by   geomet r i c   vo lume  is  1 . 3 .  

T h e  MTL-2 h a s  t e n  t u r n s ,  a n  e q u i v a l e n t  area of   10-2 m 2 ,  a n  
e q u i v a l e n t   l e n g t h   o f  10-2 m ,  a s e l f - i n d u c t a n c e   o f  1.25 x 10-6 H ,  
and  a n  u p p e r   f r e q u e n c y   r e s p o n s e   o f   1 2 . 6  MHz f o r  B - d o t   o p e r a t i o n .  
T h e  q u o t i e n t   o f   e q u i v a l e n t   v o l u m e   d i v i d e d   b y   g e o m e t r i c   v o l u m e  is  
0.56. 

CURRENT SENSORS 

C i r c u l a r   P a r a l l e l   M u t u a l - I n d u c t a n c e   S e n s o r  (CPM) 

T h i s   s e n s o r  is u s e d  t o  m e a s u r e   t h e  t i m e  d e r i v a t i v e   o f   t h e  
t o t a l   c u r r e n t   t h r o u g h   t h e   a p e r t u r e   o f  t h e  s e n s o r .   T h e  CPM ( 2 4 ) ,  
( 4 7 ) ,   ( 4 8 ) ,  (50),  (65) i s  a n  i n d u c t i v e   s e n s o r  of t o r o d i a l   s h a p e  
as  i l l u s t r a t e d   i n   F i g u r e   2 . 7 .  The  l o o p   t u r n s  are  o r i e n t e d   t o  be 
s e n s i t i v e   t o   t h e   c o m p o n e n t   o f   t h e   m a g n e t i c   f i e l d  H w i t h   r e s p e c t  
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t o  t h e   m e a s u r e m e n t  ax i s .  T h i s   s e n s o r  has a cross s e c t i o n   o f  
w i d t h  w ,  a n   i n n e r  r ad ius  r l ,  a n d   a n  o u t e r  r a d i u s  r 2 .  The  mutual  
i n d u c t a n c e  is 

111. SENSORS FOR USE NEAR L I G H T N I N G  ARCS AND I N  CORONA 

T h e   e n v i r o n m e n t   i n s i d e   t h e   l i g h t n i n g  a rc  a n d   c o r o n a   r e g i o n  
i s  r a t h e r   i n h o s p i t a b l e  f o r  e l e c t r o m a g n e t i c   m e a s u r e m e n t s .  I t  d i f -  
f e r s  f r o m   t h e   n u c l e a r   s o u r c e   r e g i o n   i n   t h a t  w e  d G  n o t   h a v e  a d i s -  
t r i b u t e d  source c u r r e n t   d e n s i t y   o r i g i n a t i n g   f r o m  Compton s ca t t e r  
o f  y r a y s   a n d   p h o t o e l e c t r i c  s ca t t e r  o f   X - r a y s   o c c u r r i n g   i n  a i r  
a n d   i n   t h e   v a r i o u s  mater ia l s  o f   t h e   s e n s o r   i t s e l f .  We d o   h a v e  
c o n d u c t i o n   e f f e c t s  associated w i t h   t h e   s u r r o u n d i n g  a i r  medium. 
T h e   i m p a c t   o f   t h e  a i r  c o n d u c t i v i t y  i s  f u n d a m e n t a l l y   d i f f e r e n t  f o r  
e l e c t r i c  ( c a p a c i t i v e - c o n d u c t i v e )   a n d   m a g n e t i c   ( i n d u c t i v e )   d e v i c e s .  
S i n c e   t h e  a i r  c o n d u c t i v i t y  is a n o n l i n e a r   e f f e c t   ( b e c a u s e  of t h e  
d e p e n d e n c e   o f   t h e   e l e c t r o n   m o b i l i t y   o n   t h e  e l e c t r i c  f i e l d ) ,  i t  i s  
i m p e r a t i v e   t h a t   a n  e l e c t r i c  t y p e   s e n s o r   n o t   s i g n i f i c a n t l y   d i s t o r t  
t h e  l oca l  e l e c t r i c  f i e l d  s o  as  n o t  t o  c h a n g e   t h e   c o n d u c t i v i t y  
( 9 ) .  F o r  a m a g n e t i c   t y p e   s e n s o r ,   t h e  problem is  s o m e w h a t   d i f -  
f e r e n t .  Local c h a c g e s   i n   t h e  a i r  c o n d u c t i v i t y  are  n o t  as s i g -  
n i f i c a n t ;   t h e   m a g n e t i c   f i e l d   i n c i d e n t   o n   t h e   s e n s o r  is  more 
g o v e r n e d   b y   t h e   c u r r e n t s   i n  a volume o f  space w i t h   d i m e n s i o n s  
o f   t h e   o r d e r   o f   t h e   r a d i a n   w a v e l e n g t h  ( o r  s k i n   d e p t h )  s o  t h a t  
t h e  loca l  p e r t u r b a t i o n s   d o   n o t  matter s o  much ( a t  l e a s t  f o r   t h e  
lower f r e q u e n c i e s )  ( 1 5 ) .  

The  problem of c o n c e r n   t h e n  is i o n i z a t i o n   o f   a i r ,  i f  p r e s e n t ,  
w h i c h   c o n s t r a i n s  e l e c t r i c  s e n s o r   d e s i g n  t o  be n o n d i s t o r t i n g   o f   t h e  
l o c a l  e l e c t r i c  f i e l d ,   a n d   w h i c h   l o a d s   t h e  loop-gaps o f   m a g n e t i c  
s e n s o r s .  

I n   r e d u c i n g   t h e   d e l e t e r i o u s   e f f e c t s   i n   t h e   l i g h t n i n g   s o u r c e  
r e g i o n   v a r i o u s   g e n e r a l   g u i d e l i n e s  are  u s e f u l .  

1. F o r   M a g n e t i c   S e n s o r s  

T h e  gaps are  e n c a p s u l a t e d   i n   d i e l e c t r i c  t o  p r e v e n t  a 
s h u n t   c o n d u c t i v i t y  across t h e   g a p .  

2 .  F o r  E lec t r i c  S e n s o r s  o r  C u r r e n t   D e n s i t y   n o r m a l  t o  a 
C o n d u c t i v e   S u r f a c e  
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T h e y  must  n e g l i g i b l y  d i s t o r t  t h e  e l e c t r i c  f i e l d   i n   t h e  
immediate v i c i n i t y  t o  n o t  p e r t u r b  ( s i g n i f i c a n t l y )   t h e  
c o n d u c t i o n   c u r r e n t   d e n s i t y .  

Various d e s i g n s  of s e n s o r s  f o r  e lec t r ic  a n d   m a g n e t i c   f i e l d s  
a n d  c u r r e n t s  i n   l i g h t n i n g  source r e g i o n s   h a v e   b e e n  developed a n d  
u sed ,  a n d  are d i scussed  h e r e .  

I t  is  g e n e r a l l y  easier t o  c o n s t r u c t  l i g h t n i n g  source senso r s  
t h a n  i t  is t o  c o n s t r u c t  n u c l e a r  source r e g i o n   s e n s o r s .   T h e  l a t t e r  
is  r i c h   i n   h i g h   e n e r g y   p h o t o n s  ( y  a n d   x - r a y )   a n d  a l s o  p o s s i b l y  
n e u t r o n s .   T h i s   n e c e s s i t a t e s   s e n s o r   e l e m e n t s   b e i n g  as s p a r c e  as 
p o s s i b l e ,  a n d  a l s o  t h a t  a l l  materials used  be o f  as  l o w  atomic 
number  as p r a c t i c a l  s o  t h a t   c r o s s - s e c t i o n s  t o  t h e   i r r a d i a t i o n  
a r e  m i n i m i z e d .   T h i s  a l s o  i n c l u d e s   s u c h  items as  o u t p u t  cables 
w h i c h  are s p e c i a l l y   f a b r i c a t e d   a n d  de l i ca t e .  For l i g h t n i n g   s e n -  
sors w e  c a n  u s e  more ma te r i a l s  s u c h  as  brass s h e e t  metal a n d  
c o p p e r   j a c k e t e d  coaxia l  cables .  

F o r   m o u n t i n g   o f   l i g h t n i n g   s o u r c e   r e g i o n   s e n s o r s   o n  o b j e c t s ,  
s u c h  as  a i r p l a n e s ,  a f e w   s i m p l e   p r e c a u t i o n s  a r e  i n   o r d e r .   T h e  
s e n s o r s   s h o u l d  be a s  f l u s h   w i t h   t h e   s u r f a c e   o f   t h e  o b j e c t  a s  
p o s s i b l e  so  a s  n o t  t o  p e r t u r b   t h e   f i e l d s   a n d   p o s s i b l y   a t t r a c t  
d i r e c t  a t t a c h m e n t  t o  t h e   s e n s o r s .  Cables b e t w e e n   s e n s o r s   a n d  
r e c o r d i n g   e q u i p m e n t   s h o u l d  be s h i e l d e d  a s  soon as p o s s i b l e ,   a n d  
t h e   r e c o r d i n g   s y s t e m   e n c l o s e d   i n s i d e  a t o p o l o g i c a l  electromag- 
n e t i c   s h i e l d .  

ELECTRIC  FIELD SENSORS 

A s  d i s c u s s e d   i n   t h e   p r e v i o u s   s e c t i o n ,   t h e  most severe e f f e c t  
of a l i g h t n i n g   s o u r c e   e n v i r o n m e n t   o n   e l e c t r o m a g n e t i c   m e a s u r e m e n t s  
i s  t h a t   o n   t h e  e l e c t r i c  f i e l d   s e n s o r   i n  a i r .  E f f e c t s  assoc ia ted  
w i t h  a i r  c o n d u c t i v i t y  a l t e r  t h e   c h a r a c t e r i s t i c   r e s p o n s e  of t h e  
s e n s o r .  

PARALLEL MESH DIPOLE SENSOR (PMD) 

T h e   p a r a l l e l   m e s h  d i p o l e  s e n s o r  (PMD-1) (l), ( 1 3 ) ,  ( 6 3 ) ,  
( 6 4 )   i n   F i g u r e  3 .1  r e d u c e s   t h e  e f f ec t  of t h e  a i r  c o n d u c t i v i t y   b y  
m e a n s   o f   h a v i n g  i ts  s e n s i n g   e l e m e n t   c o n s t r u c t e d  of f i n e  wires as 
o p p o s e d  t o  a s o l i d  p l a t e  o f  a p a r a l l e l   p l a t e   d i p o l e ,  s o  t h a t  most 
of t h e   c o n d u c t i o n   c u r r e n t  i s  allowed t o  f low a r o u n d   t h e  d i p o l e  
c o n d u c t o r s   i n s t e a d   o f   t h r o u g h   t h e m .   T h e   m e s h  wire is s u s p e n d e d  
from n y l o n   t h r e a d  0 . 5  c m  above t h e   g r o u n d   p l a n e .   I n   t h e   q u a s i -  
s t a t i c  case,  t h e  w i r e  g r i d  l i e s  o n   a n   e q u i p o t e n t i a l   p l a n e  s o  t h a t  
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t h e   e q u i v a l e n t   l e n g t h  of t h e   s e n s o r  is also 0 .5  e m .  T h e   o u t p u t  
v o l t a g e   o f   t h e   E - f i e l d   s e n s o r  i s  o b t a i n e d   b y   m e a s u r i n g ,   t h r o u g h  
a s e n s i n g  resistor, t h e  vo l tages  across t h e   c a p a c i t o r / c o n d u c t o r  
f o r m e d   b y   t h e  wire m e s h   a n d   t h e   g r o u n d   p l a n e .   T h e   s e n s i n g  re- 
sistor is i n  series w i t h   t h e   t e r m i n a t e d   s i g n a l  cable f o r m i n g  a 
r e s i s t i v e   v o l t a g e   d i v i d e r  (11). T h e   v o l t a g e  across t h e   c a p a c i t o r  
w i l l  d e c a y   w i t h  a time c o n s t a n t   d e t e r m i n e d   b y   t h e   s e n s o r   c a p a c i t y  
a n d   t h e   s e n s i n g  resistor e x c e p t   f o r  l oca l  c o n d u c t i v i t y .   T h i s  
time c o n s t a n t   m u s t  be l o n g  compared t o  m e a s u r e m e n t  times o f  
i n t e r e s t .  

MAGNETIC FIELD SENSORS 

The  maximum a i r  c o n d u c t i v i t y  limits t h e   l o o p   r a d i u s  t o  t h e  
o r d e r   o f  a s k i n   d e p t h  o r  less a t  t h e   h i g h e s t   f r e q u e n c y   o f   i n t e r -  
e s t .  B e l o w  t h i s   f r e q u e n c y   t h e  a i r  c o n d u c t i v i t y  does n o t   s i g n i f -  
i c a n t l y   e n t e r   i n t o   t h e   l o o p   r e s p o n s e .   T h u s   f o r   s u c h  a l o o p   t h e  
n o n l i n e a r   a n d  time v a r y i n g   c h a r a c t e r  cf t h e  a i r  c o n d u c t i v i t y  is 
i n s i g n i f i c a n t .   H o w e v e r ,   s e n s o r s  assoc ia ted  e q u i p m e n t   s u c h  as  
cables  i n   t h e  a i r  medium s h o u l d   g e n e r a l l y  be l i m i t e d  t o  t h e  same 
d i m e n s i o n s  t o  a v o i d   m a g n e t i c   f i e l d   d i s t o r t i o n s   w h i c h  may c o u p l e  
i n t o   t h e  loop. I t  is  p o s s i b l e  t o  m i n i m i z e  t h e   c o n d u c t i v i t y  re- 
l a t e d  e f f e c t s   b y   t h e  use o f   i n s u l a t o r s   w i t h   t h e   l o o p   s t r u c t u r e .  
A l s o ,   t h e  cable i m p e d a n c e   w h i c h   l o a d s   t h e  loop c a n  be c h o s e n ,  
t o g e t h e r   w i t h   t h e   l o o p   i n d u c t a n c e ,  t o  g i v e  a f r e q u e n c y   r e s p o n s e  
o f   t h e   o r d e r   o f   t h e   s k i n   d e p t h   l i m i t a t i o n .   T h e   p r o b l e m   o f  a i r  
c o n d u c t i v i t y  is  e l i m i n a t e d   i n   t h e s e   s e n s o r s   b y   e n c a p s u l a t i n g   t h e  
v o l u m e   e n c l o s i n g   t h e   s e n s i n g   e l e m e n t   g a p   w i t h   a n   e p o x y   r e s i n .  

CYLINDRICAL MOEBIUS  LOOP  SENSOR (CML) 

A u s e f u l   m a g n e t i c   f i e l d   s e n s o r s  f o r  l i g h t n i n g   s o u r c e   e n v i -  
r o n m e n t s  i s  a l o o p   s t r u c t u r e  (3), (5), ( 6 ) ,  (15), (16), ( 3 8 ) ,  
(41), ( 4 2 ) ,  ( 5 7 ) ,  (60), (61 )  w i t h   t h e   s i g n a l  cables w i r e d  i n  a 
Moebius c o n f i g u r a t i o n   d e s i g n a t e d  a s  c y l i n d r i c a l   M o e b i u s   l o o p  
(CML) s e n s o r s .   T h i s   g r e a t l y   r e d u c e s   t h e  common mode r a d i a t i o n  
n o i s e   c u r r e n t s   f o u n d   i n   t h e   s p l i t   s h i e l d  loop t y p e   o f   s e n s o r s .  
A CML s e n s o r   c a n  be shown t o  be a t w o - t u r n   l o o p   b y   t r a c k i n g  
c u r r e n t   f l o w   f r o m   o n e   t w i n a x i a l  cab le  l e a d  t o  t h e   o t h e r   ( F i g u r e  
3 . 2 ) .  A t  f r e q u e n c i e s   w h e r e   t h e   m a g n e t i c   f i e l d   d o e s   n o t   p e n e -  
t r a t e  t h e   s h i e l d   o f   t h e   g a p - l o a d i n g   c a b l e s ,   t h e   s e n s o r  a c t s  as 
a s i n g l e - t u r n   c y l i n d r i c a l   l o o p   w i t h  a r e s i s t i ve  g a p   l o a d   g i v e n  
b y   t h e   t o t a l   t e r m i n a t i n g  cable i m p e d a n c e .   T h e   f o u r   g a p   l o a d i n g  
c o a x i a l   c a b l e s   i n   t h e   s e n s o r  are  p r o p e r l y   t e r m i n a t e d  a t  t h e   p o i n t  
o f   c o a x - t o - t w i n a x   j u n c t i o n  as d e p i c t e d   i n   F i g u r e  3 . 2 .  A v o l t a g e  
V a t  t h e   g a p   a p p e a r s  as a p o s i t i v e   s i g n a l   i n   o n e   p a i r  of 100-s1 
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g a p - l o a d i n g   c a b l e s   a n d  as a n e g a t i v e   s i g n a l  i n  t h e  o the r  p a i r .  
T h e   s i g n a l   f r o m  t h e  g a p   a r r i v e s  a t  t h e  c o a x - t o - t w i n a x   j u n c t i o n  
a t  t h e  same t i m e  f rom a l l  f o u r   g a p  cables, wh ich   p roduces  a d i f -  
f e r e n t i a l  mode s i g n a l  across t h e   b a l a n c e d   t w i n a x .  For a d i f f e r -  
e n t i a l   s i g n a l ,   t h e   t w i n a x  may b e   c c n s i d e r e d  t o  be t w o  resistors 
e a c h   o f  a v a l u e   o f  5052 t o  g r o u n d   t h a t   p r o p e r l y   t e r m i n a t e  t h e  50-52 
p a r a l l e l   c o m b i n a t i o n  of t h e  t w o  100-51 coaxial  cables (from each 
s i d e   o f   t h e   g a p ) .   F o r  a g i v e n   g a p   v o l t a g e ,  a s i g n a l   v o l t a g e   o f  
twice t h e  a m p l i t u d e   o f  t h e  g a p   v o l t a g e   a p p e a r s  a t  t h e   b a l a n c e d  
t w i n a x   o u t p u t .  

Four   mode l s  of CML s e n s o r s   h a v e   b e e n   d e s i g n e d   a n d   f a b r i c a t e d .  
T h e y   v a r y   i n   e q u i v a l e n t  area from 5 x 10-3 m2 t o  0.02  m2,   and 
have  been b u i l t  w i t h  e n c a p s u l a t i o n  f o r  u s e  i n   c o n d u c t i v e  a i r  
measurements .  

CURRENT  SENSORS 

R a d i a t i o n  ha rdened  c u r r e n t   s e n s o r s   h a v e   b e e n   d e s i g n e d  w h i c h  
a re  s imilar  t o   t h e  CPM series of  I-dot p r o b e s   ( 2 3 ) ,   ( 2 4 ) .  These  
s e n s o r s  a re  d e s i g n e d   t o   b e  p a r t  of a s p e c i f i c   s t r u c t u r e  i n  a way 
t h a t  t h e y  w i l l  n o t   a p p r e c i a b l y  a f f ec t  t h e  c u r r e n t   f l o w  o n  t h a t  
s t r u c t u r e .  

Ou t s ide   Moeb ius   Mutua l   Induc tance  (0")  

F i g u r e  3 . 3  s h o w s   t h r e e  OMM-1A I - d o t   s e n s o r s  assembled i n t o  
a c y l i n d r i c a l  a n t e n n a  ( 5 4 ) ,  ( 6 2 ) .   S u r f a c e   c u r r e n t   f l o w i n g   a l o n g  
t h e  c y l i n d e r  ax is  must pass t h r o u g h  t h e  s e n s o r ' s   i n t e r n a l   c a v i t y .  
The c h a n g i n g   m a g n e t i c  f i e l d  produced  w i t h i n  t h e  s e n s o r   c a v i t y   p r o -  
d u c e s  a v o l t a g e  across t h e  g a p   a c c o r d i n g   t o  ( l / N ) M  d I / d t  where  M 
i s  de te rmined  by ( 2 . 8 ) .  T h e  s i g n a l  is  t a k e n  from t h e  gap  b y  f o u r  
1 0 0 4  cables  i n  t h e  same manner as  shown i n   F i g u r e  3 . 3  for t h e  
CML s e n s o r .  T h e  s i g n a l  cables   are  r o u t e d   t o  t h e  i n s i d e  o f  t h e  
s e n s o r   f o r  e l e c t r i c a l  p u r p o s e s   a n d   r a d i a t i o n   s h i e l d i n g .  T h e  s e n -  
sor i n t e r i o r   a n d   g a p  are  e n c a p s u l a t e d  w i t h  a n  epoxy material  i n  
much t h e  same way as  w i t h  t h e  CML B-do t   s enso r .  T h e  d i f f e r e n t i a l  
s i g n a l  from each s e n s o r  is t r a n s m i t t e d   b y   c a b l e s  of e q u a l   l e n g t h .  
T h e  OMM-1A has a m u t u a l   i n d u c t a n c e   o f  2 x 10-9 H and  a 10-90 
risetime < 0 . 5  n s .  I t  is 6 . 4  c m  l o n g   a n d  of a d i a m e t e r  f o r  u s e  
w i t h  a I O - c m  p i p e   ( o u t s i d e   d i a m e t e r ) .  A much smaller OMM-2 s e n -  
s o r  has b e e n   b u i l t  t o  m e a s u r e   c u r r e n t  i n  cable s h i e l d s ,   c o n d u c -  
tors, o r  s t r u c t u r a l  members. I t  has a m u t u a l   i n d u c t a n c e  of 2 . x  

t o  u s e  w i t h  a 2-cm p i p e   ( o u t s i d e   d i a m e t e r ) .  
H a n d  a risetime of ~ 0 . 5  n s .  I t  is  8 .9  c m  l o n g  a n d  d e s i g n e d  
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I V .  SOUTH  BALDY LIGHTNING ELECTROMAGNETIC3  INSTRUMENTATION 

A p r o g r a m  w a s  i n i t i a t e d   i n  1976 b y   t h e  A i r  Fo rce   Weapons  
L a b o r a t o r y   w i t h   t h e  N e w  Mexico I n s t i t u t e  of M i n i n g   a n d   T e c h n o l o g y  
to test t h e  A i r  F o r c e  ARGUS 1 A  s y s t e m   w h i c h  is u s e d  f o r  d e t e c t i o n  
of  t h e   e l e c t r o m a g n e t i c   p u l s e   f r o m  a h i g h  a l t i t u d e  n u c l e a r   w e a p o n  
d e t o n a t i o n .   T h e   o b j e c t i v e   o f   t h i s  t es t  p r o g r a m  is t o  r e c o r d   t h e  
p e r f o r m a n c e  of t h e  ARGUS 1 A  when o p e r a t e d   i n  a l i g h t n i n g  electro- 
m a g n e t i c   e n v i r o n m e n t   a n d  t o  d e t e r m i n e   t h e   e l e c t r o m a g n e t i c   p r o p e r -  
t i e s  o f   n e a r b y   l i g h t n i n g   o f   p o t e n t i a l   s i g n i f i c a n c e  t o  s u c h   d e t e c -  
t o r s .  T h e   m e a s u r e m e n t s  are made a t  t h e   c e n t e r   o f  a 3 0 m  x 3 0 m  
s q u a r e  wire m e s h   g r o u n d   p l a n e   p l a c e d   o n  a r e l a t i v e l y   f l a t   s u r f a c e  
of  t h e   e a r t h   n e a r   t h e  crest o f   S o u t h   B a l d y   P e a k .   C o p p e r   g r o u n d  
r o d s  a r e  c o n n e c t e d  a t  3 m  i n t e r v a l s   a r o u n d   t h e   p e r i m e t e r   o f   t h e  
wire mesh   and  across  i t s  s u r f a c e .   T h e  Kiva is b u r i e d  a t  t h e  
c e n t e r  of t h e  wire m e s h   w i t h  i t s  r o o f   f l u s h   w i t h   t h e   e a r t h   a n d  
e l e c t r i c a l l y   c o n n e c t e a  t o  t h e   m e s h .   F i g u r e   4 . 1   s h o w s   t h e  s i t e  
v i e w e d   f r o m   t h e   n o r t h .  

The Kiva i s  a 4.25m diameter b y   2 . 4 4 m   h i g h   w e l d e d   t a n k  
made  f rom 3 m m  ( l / S " )  t h i c k   s h e e t  s t e e l .  T h e   t o p   o f   t h e   t a n k  is  
e x t e n d e d  about l m  i n   r a d i u s  t o  p r o v i d e   a n   a d e q u a t e   m o u n t i n g   s u r -  
f a c e  f o r  t h e   s e n s o r s  as well  as a n  access area f G r  s G m e  of t h e  
p e n e t r a t i o n s   i n t o   t h e  Kiva.  F i g u r e   4 . 2   p r o v i d e s  a c lose r  view 
o f   t h e  Kiva f r o m   t h e   s o u t h .  Access t o  t h e  Kiva-  is  b y   t h e  stair- 
way  shown i n   t h e  lower r i g h t   o f   t h e   p h o t o .   S h i e l d i n g   i n t e g r i t y  
of  t h e   K i v a  is  m a i n t a i n e d  by a " s h i e l d e d  room" door o n   t h e   s i d e  
o f   t h e   t a n k .  

T h r e e  ARGUS s y s t e m s  are  shown i n   F i g u r e   4 . 1 .   T h e y  are  
e q u a l l y   s p a c e d   o n   a n  8 m  r a d i u s   f r o m   t h e   c e n t e r  of t h e   K i v a .  
E a c h   s y s t e m  is  se t  a t  a d i f f e r e n t   d e t e c t i o n   s e n s i t i v i t y .  

Two MGL-3 B-dot s e n s o r s  a r e  shown i n   F i g u r e   4 . 2 .   T h e  MGL-3 
h a s   a n   e q u i v a l e n t  area of   O. lm2.  I t s  u p p e r   f r e q u e n c y   r e s p o n s e  is 
down t o  0 . 7  ( 3  dB down) a t  a b o u t  70 MHz. T h e   s e n s o r   ( B - d o t   E a s t )  
o n   t h e   u p p e r   r i g h t   o f   t h e   K i v a   h a s  i ts  area vec tor  p o i n t i n g  ea s t  
a n d  t h e   s e n s o r   ( B - d o t   n o r t h )  t o  t h e   l e f t   o f   t h e  Kiva h a s  i t s  area 
vectcr p o i n t i n g   n o r t h .  B-dot east h a s   t h e   s i g n i f i c a n c e   t h a t  when 
B-dot is  p o s i t i v e   i n   t h e  east  d i r e c t i o n ,   t h e   v o l t a g e   o n   t h e   c e n t e r  
c o n d u c t o r   o f   t h e   s e n s o r   o u t p u t   c o n n e c t o r  i s  p o s i t i v e ,   a n d  s i m l -  
l a r l y  f o r  B - d o t   n o r t h .  

The ACD-5 D-dot s e n s o r  is  shown a t  t h e   f r o n t   a n d   c e n t e r  of  
F i g u r e   4 . 2 .  I t  h a s   a n   e q u i v a l e n t  a rea  of  l m 2 .  I t s  f r e q u e n c y  
r e s p o n s e  is aown t o  0 .7  ( 3  dB down) a t  a b o u t   7 5  MHz. The area 
vec tor  f o r   t h e  ACD-5 is  p o i n t i n g  toward z e n i t h .  A D-dot s i g n a l  
t h a t  i s  p o s i t i v e  toward z e n i t h  w i l l  p r o d u c e  a n e g a t i v e   v o l t a g e  
o n   t h e   c e n t e r   c o n d u c t o r   o f   t h e   s e n s o r   o u t p u t   c o n n e c t o r .  
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Each sensor  is mechanically and e l ec t r i ca l ly   connec ted   t o  
t h e  Kiva  surface i n  several   p laces   around  the  edge  of  t h e  sensor  
basepla te .  T h e  ou tput   s igna l  from each  sensor   penetrates   the 
Kiva  top  surface by going   d i rec t ly  from t h e  s enso r   ou tpu t   t o  a 
feedthru  connector.  R G - 2 1 3  coaxia l   cab le  is used  inside of t h e  
Kiva. The s enso r s   a r e  mounted on a 1 . 7  meter radius  about t h e  
cen te r  of the  Kiva.   Because  of   the  separat ion  of   sensors ,   ar-  
r i v a l  times for   s igna ls   can   vary  by up t o  11 n s  depending on the  
azimuth and e leva t ion  of t he   s igna l   sou rce .  

A block  diagram  of t h e  l ightning  e lectromagnet ics   data   ac-  
quis i t ion  system is shown i n  Figure 4 .3 .  Each  of t h e  sensor  
s i g n a l s  is  d i g i t i z e d  w i t h  a Biomation model 8100 waveform re- 
corder .  T h i s  waveform reco rde r   has   e igh t   b i t   r e so lu t ion  (256  
l e v e l s ) .  Each sampled  voltage is  a c c u r a t e   t o  0 . 4  percent  of 
f u l l  s ca l e .  The minimum sample  interval is 1 0  n s .  The p r e t r i g -  
ger  mode of  recording is used to   permit  any des i r ed   pa r t  of t h e  
2048 recorded  samples  to  be  those  taken  before  the  recorders  are 
t r iggered .   Typica l ly   about  20% of  the  samples  are  saved  prior 
t o   t r i g g e r .  The recorders   are   connected w i t h  t h e i r   t r i g g e r s  i n  
pa ra l l e l .   T r igge r ing  any recorder  b y  s i g n a l   c a u s e s   a l l  of them 
t o   t r i g g e r .  

The recorders   a re   cont ro l led  b y  one H P  9825 mini-computer 
c o n t r o l l e r .  Upon complet ion  of   the  recorder   digi t izat ion,  a 
s i g n a l  is  s e n t   t o   t h e  H P  9825 tha t   t hen   t r ans fe r s   t he  s h i f t  
r e g i s t e r   d a t a  from each  recorder,  i n  t u r n ,  i n t o  t he  memory of 
t h e  H P  9825. The H P  9825 then  re-arms  the  recorders i n  prepara- 
t i o n   f o r   a c q u i s i t i o n  of the  next  signals.   After  re-arming  the 
r eco rde r s ,   t he  H P  9825 s t o r e s   t h e  f irst  s e t  of da t a  on a magnetic 
d i s c  f o r  l a t e r   a n a l y s i s .   I n  t h i s  mode of ope ra t ion ,  an i n t e r v a l  
of about 25 mil l iseconds is  r equ i r ed   t o   co l l ec t  a s e t  of da ta  
from t h e  f o u r  recorders  and then  to  re-arm them f o r  a poss ib l e  
second  acquisit ion from t h e  same l i g h t n i n g  f l a s h .  By opera t ing  
i n  t h i s  mode it is i n  p r inc ip l e   poss ib l e   t o   ob ta in   da t a   bo th  c n  
the   in i t ia t ing   s tepped- leader   p rocess  and then ,  i n  the  second 
a c q u i s i t i o n ,  on a subsequen t   r e tu rn   s t roke   a l l  i n  t h e  same f l e s h .  

The B-f ie ld   information  for  l i g h t n i n g  i s  obtained by numeri- 
c a l l y   i c t e g r a t i n g   t h e   d i g i t i z e d  B-dot da t a .  The base l ine  d r i f t  
of   the   recorder  and t h e   i n a b i l i t y  t o  accurately  determine t h e  
value  of  the d r i f t  r e s u l t s  i n  a ramp e r r o r .  For t h i s  reason an 
i n t e g r a t o r  w i t h  100 us decay  time  constant  has  been  connected  to 
t h e  B-dot north  channel. The use  of an i n t e g r a t o r  i n  the  record-  
i n g  of t h e   d e r i v a t i v e   s i g n a l  w i l l  allow an accurate   determinat ion 
of  the  north component of t h e  B f i e l d   o u t   t o  beyond 100 us. I n t e  
g ra to r s   a r e   no t  on t h e  B-dot e a s t  and D-dot channels  because  of 
t h e  l i m i t a t i o n s  i n  t h e  number of ava i l ab le   r eco rde r s .  
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V. SUMMARY 

T h e   e n v i r o n m e n t a l  f i e l d s  f r o m   l i g h t n i n g  are  g e n e r a l l y   b G t h  
slower a n d   w e a k e r  ( a t  moderate t o  large d i s t a n c e s )   t h a n   t h o s e  
f r o m  t h e  n u c l e a r  EMP. However, t h e  basic t e c h n o l o g y  f o r  measur- 
i n g   t r a n s i e n t   e l e c t r o m a g n e t i c  f i e l d s  a n d  related e l e c t r o m a g n e t i c  
parameters is i n   g e n e r a l   a p p l i c a b l e  t o  b o t h .   T h e r e  are q u a n t i t a -  
t i v e   d i f f e r e n c e s   w h i c h   c a n  lead t o  d i f f e r e n t  s izes  a n d   s e n s i t i v i -  
t i e s .  T h e   t e c h n i q u e s ,   h o w e v e r ,  are  much t h e  same. 

T h e s e   k i n d s   o f   e l e c t r o m a g n e t i c   s e n s o r s   c a n  be t h o u g h t   o f  as 
b e i n g   f o r   t h r e e   r o u g h  categories o f   m e a s u r e m e n t s :  

a .  D i s t a n t   l i g h t n i n g   e n v i r o n m e n t s   ( a w a y   f r o m  arcs 
a n d   c o r o n a ) .  

b .  E n v i r o n m e n t s   n e a r  ( o F w - a r c s  a n d   c o r o n a  
( l i g h t n i n g  l lsourcel l  r e g i o n ) .  

c .  L i g h t n i n g   r e s p o n s e   ( m e a s u r e m e n t s   o f   e l e c t r o n i c  
s y s t e m   r e s p o n s e   ( i n t e r n a l ) ) .  

C a t e g o r i e s  a a n d  b o p t i m a l l y   u s e  t h e  same k i n d s   o f   t e c h n i q u e s  as 
f o r   t h e   n u c l e a r   e l e c t r o m a g n e t i c   p u l s e .   C a t e g o r y  b requires t h e  
u s e   o f   t e c h n i q u e s  similar t o  those used  i n   n u c l e a r   s c u r c e   r e g i o n s ,  
bu t  w i t h  some r e l a x a t i o n   o f   t h e   r e q u i r e m e n t s  because o f   t h e  ab- 
s e n c e  of n u c l e a r   i o n i z i n g   r a d i a t i o n   a n d   c o m p t o n  source c u r r e n t s .  

T h e s e   t y p e s   o f   s e n s o r s  have a l r e a d y   b e e n  used f o r   l i g h t n i n g  
re la ted  m e a s u r e m e n t s   w i t h   c o n s i d e r a b l e  success. I t  is  a n t i c i -  
p a t e d   t h a t   t h e y  w i l l  f i n d   w i d e s p r e a d   a p p l i c a t i o n   i n  t h e  l i g h t n i n g  
communi ty .  
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Figure 2.1. Photo of H S D - S l A ( R )  

Figure 2 . 2 .  A C D - 5 A ( A )   D - d o t  Sensor 
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F i g u r e  2 . 3 .  F l u s h  P l a t e  Dipole  D-dot Sensor 

F i g u r e  2 . 4 .  M u l t i g a p  Loop (MGL) B-dot S e n s o r s  
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a n d   C o n d u c t i n g   S h i e l d  i n  P l a c e )  
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F i g u r e  2 . 7 .  Typical CPM Sensor  G e o m e t r y  

F i g u r e  3.1. Parallel Mesh Dipole  (PMD-1A) E-Field S e n s o r  
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Figure 4.1. Lightning Electromagnetics Measurement Site 

Figure 4.2. Instrumentation Room  and Field Sensors 
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EXPANDED INTERLEAVED SOLID-STATE MEMORY FOR A 

WIDE  BANDWIDTH TRANSIENT WAVEFORM RECORDER 

Robert M. Thomas , J r .  
NASA-Langley Research Center 

INTRODUCTION 

This  paper describes an interleaved,  solid-state expanded memory for  a 
100 MHz bandwidth  waveform recorder. The  memory development resulted  in a 
significant  increase  in  the  storage  capacity of a commercially available 
recorder. The motivation  for  the memory expansion of the waveform recorder, 
which i s  used t o  support  in-flight measurement of the  electromagnetic charac- 
t e r i s t i c s  of lightning  discharges, was the need for  a significantly  longer 
d a t a  window than  t h a t  provided by the commercially available  unit. The expand- 
ed recorder  provides a d a t a  window t h a t  i s  128 times  longer than the commercial 
unit ,  while  maintaining  the same time resolution, by increasing  the  storage 
capacity from 1024 t o  131 072 d a t a  samples. The expanded unit  operates a t  
sample periods  as small as 10 ns. Sampling once every 10 ns,  the commercial 
unit  records  for a b o u t  10 us before  the memory i s   f i l l e d ,  whereas, the expanded 
unit  records  for a b o u t  1300 ps.  A photo  of the expanded  waveform recorder i s  
shown in  figure 1. 

The selection of the  electronic waveform recorder t o  record  snapshots of 
the  electromagnetic waveforms associated with lightning  discharges was  due t o  
two advantages  over storage  oscillosopes. The storage  oscilloscope  limitations 
concern i t s  time resolution a n d  the  characterist ics o f  i ts   tr iggering  process.  
The time resolution  limitation  is a window width v s .  window precision  trade 
off.  I n  order t o  get  fine time resolution,  the  display window i s   sho r t ,  where- 
as ,   i f   the  window i s  expanded, the  resolution  is  decreased, and  hence the  fre- 
quency response i s  decreased. For  example, if  the  oscilloscope  provides 500 
elements horizontally and  each element represents 10 ns, then a window o f  5 us 
results.   If   the window i s  expanded t o  500 us, then  the  resolution  reduces t o  
1 us per  element. The expanded memory electronic waveform recorder, on the 
other h a n d ,  has the  equivalent of 131 072 time elements a n d ,  hence, can provide 
a time window of 1.3 ms a t  a 10 ns resolution. The triggering  process of the 
oscilloscope  requires  the  detection of some p a r t  of the waveform before i t  can 
be captured, which prevents  the  capture of the  signal  prior t o  the  tr igger 
detection. The electronic  recorder has a provision t h a t  permits  the  portion of 
the waveform prior t o  the  trigger  event t o  be recorded. 
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RECORDER OPERATION 

The waveform recorder i s  a DC t o  100 MHz bandwidth instrument which con- 
ver ts  an analog i n p u t  s ignal  to a digi ta l   representat ion and s tores   the   resu l t  
i n  an in te r leaved   so l id-s ta te  memory.  The instrument   ut i l izes  a high-speed 
6-bi t   resolut ion  analog  to   digi ta l   converter  ( A D C )  t o  transform  the  analog i n -  
p u t  s ignal  to a digi ta l   representat ion.  The recorder i s  operated  l ike an o s c i l -  
loscope i n  t h a t  the  portion of the i n p u t  s i g n a l   t h a t   i s   r e t a i n e d   i s  determined 
by t h e   t r i g g e r   c r i t e r i a   s e l e c t e d  on i t s   f r o n t  panel controls .  The recorder has 
two record modes, delay  t r igger  a n d  p re t r igger ,  a n d  has  provisions  for  delaying 
the   e f f ec t  o f   the   t r igger ,   t r igger   de lay .  Once information i s   s to red  i n  the 
instrument, i t  may  be read o u t  i n  one of three ways: t o  an oscil loscope, t o  an 
x-y recorder, or t o  an instrument t h a t  accepts d i g i t a l  d a t a .  

The delayed  trigger  record mode o f  operation i s  s imilar  t o  t h a t  of  an os- 
cil loscope w i t h  the  delayed sweep feature .  When t h e   t r i g g e r   c r i t e r i a ,  such as 
the  slope and amplitude, which are  preset  on the   f ront  panel controls  are 
sat isf ied,   the   instrument   begins   s tor ing  the  digi ta l   representat ion  of   the  in-  
p u t  in  the memory. When the memory i s   f i l l ed ,   the   record ing   s tops .  I n  the 
pretr igger  mode of operation, however, the  instrument  stores  the i n p u t  signal 
representation  continuously  in an  endless-loop  fashion  unti l   the  tr igger  occurs,  
a t  which time  the  recording  stops. By endless-loop  is  meant t h a t  once the mem- 
ory has been f i l l e d ,  new d a t a  i s   s to red  by overwrit ing  the  oldest   stored i n f o r -  
m a t i o n .  Figure 2 i l lus t ra tes   the   d i f fe rence  between delayed  tr igger a n d  pre- 
t r igger   for   the   case  of zero  trigger  delay. 

The trigger  delay  feature  allows  the  user t o  s e l ec t   t he  p o r t i o n  of  the  in- 
p u t  signal t h a t  i s  captured  re la t ive t o  the   t r igger   event .  F r o n t  panel switches 
allow  selection  of  the number o f  sample  time delays t o  occur between the  detec- 
t ion o f  the   t r igger   event  and  the  result ing  action on the  information  recorded. 
For example, i f   the   instrument   is  sampling a t  10 ns per sample a n d  the  delay 
i s   s e t  t o  1000 uni t s ,   the   t r igger   ac t ion   i s   de layed  10 000 ns. I n  the  delayed 
trigger  record mode o f  ope ra t ion ,   t h i s   f ea tu re   i s   s imi l a r  t o  the  delayed sweep 
function of an oscil loscope; namely, the  recorded waveform can be delayed  in 
time r e l a t i v e  t o  the  t r igger .  In the  pretrigger  record mode o f  operation,  the 
recording i s  n o t  stopped  with  the  detection  of  the  trigger b u t  continues  for 
the amount o f  time s e t  i n  the  tr igger  delay  as shown i n  f igure 3. Thus, one 
may o b t a i n  a snapshot of the i n p u t  waveform that  includes  events  occurring 
pr ior  t o  the   t r igger  - a feature  t h a t  standard  oscilloscopic  techniques do  n o t  
provide. 

As stated  previously,  a stored  snapshot can be retr ieved i n  one of three 
ways: as analog  outputs  suitable for e i t h e r  an  x-y p l o t t e r   o r  a n  oscil loscope, 
or as a d ig i ta l  o u t p u t  su i tab le  for digi ta l   ins t rumentat ion.  The p l o t t e r  and  
oscil loscope o u t p u t s  a re  produced by sequentially  reading  the  digital   data 
stored i n  the memory and presenting i t  t o  a digi ta l   to   analog  converter  ( D A C )  
w i t h i n  the   uni t .  The resulting  analog  signal and an internally  generated 
analog  time  base ramp are  used t o  dr ive  the  osci l loscope  display  or   plot ter .  
The d a t a  is read o u t  a t  a 1 MHz ra te   for   the   osc i l loscope  a n d  a t  a slower  rate 
for   the  pen-type x-y p l o t t e r   ( t h i s   l a t t e r   r a t e   i s   s e l e c t a b l e . )  The d i g i t a l  
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output i s  accomplished by the  instrument  receiving a data  request  signal from 
an external  source and responding by placing  the next data word  on the  output 
bus .  

The recorder i s  used i n  the pretrigger mode for   l ightning measurements. 
The recorded  snapshot  of  each  lightning event i s  recorded on an airborne instru- 
mentation  magnetic  tape  recorder so that  subsequent  events may be captured. 
The snapshot i s  encoded in to  a se r ia l   pu lse  code  modulated (PCM) s ignal   pr ior  
t o  recording on magnetic  tape. Once the  data i s  t r ans fe r r ed   t o  the tape,  the 
d i g i t a l  waveform recorder  is   placed back i n  the  "endless-loop"  record  state 
awaiting  the  next  trigger  event. 

SYSTEM DESCRIPTION 

A description  of  the  general  functions performed by portions o f  the wave- 
form recorder  provides background for  discussion of the memory expansion. The 
electronics  can be parti t ioned  into  the  following  functional  sections:  i n p u t  
s ignal  conditioner,  A D C ,  memory, ou tput   c i rcu i t ry ,  and control and  t i m i n g  as 
depicted i n  f igure 4.  The i n p u t  s ignal  is   received and  conditioned based on 
t h e   c r i t e r i a  provided by the f r o n t  panel  switch s e t t i n g s ,  such  as i n p u t  signal 
amp1 i tude  range, A C / D C  coup1 i n g ,  a n d  s ignal   offset .   This   condi t ioned  s ignal   is  
presented t o  the ADC section which contains a paral le l  A D C  w i t h  6 - b i t  resolut ion.  
The signal  is   quantized by a s e t  o f  comparators  operating i n  p a r a l l e l .  The o u t -  
p u t s  o f  the  comparators  are  converted  into a 6 -b i t  Gray code representation of 
the i n p u t  signal and then  a l ternately  s tored  into one of two pa ra l l e l   r eg i s t e r s  
under control o f  the sample rate   c lock.  This design  achieves  the maximum sample 
r a t e  of  500 MHz w i t h  a 250 MHz sampling  clock by using  the  alternate phases o f  
the  c lock  to   s teer   the  digi t ized  data  i n t o  the two reg is te rs .  The outputs of  
the two reg is te rs   a re   rou ted  t o  the memory sect ion,  where they  are  stored i n  
i n t eg ra t ed   c i r cu i t  ( I C )  random access memories ( R A M ' S ) .  The memory sect ion,  
which will  be described more f u l l y   l a t e r ,   a l s o   c o n t a i n s  memory addressing  cir-  
cu i t ry  which manages the  sequential  storage and  re t r ieva l  o f  the   digi t ized  data .  
D u r i n g  the o u t p u t  phase o f  operation of the waveform recorder,  the  data  is  read 
o u t  o f  the R A M ' S  a n d  routed t o  the o u t p u t  section. The o u t p u t  section  includes 
two DAC's which a re  used t o  generate   output   s ignals   for   e i ther   osci l loscope 
display  or  x-y plots  of  the  data.  One DAC i s  used t o  convert  the  stored d a t a  
back t o  an analog form while   the  other   is  used to  generate a ramp signal t o  use 
as a horizontal sweep for  the  display  devices.  The o u t p u t  sect ion  a lso has  pro- 
v i s i o n  to  present  the d a t a  i n  d i g i t a l  form. The timing and control  section i n -  
c ludes  c i rcui t ry   for   generat ing  the  t iming and control  signals  required by the 
other  parts  of  the waveform recorder  such  as  circuitry  for  the  detection and 
delay o f  t he   t r i gge r   s igna l ;  a clock  generator from which the  sampling  clock, 
the  read  clock,  the o u t p u t  clock, and the t i m i n g  s ignals  needed by various  parts 
o f  the system are  formed; and c i r c u i t r y   t o  manage the  proper  sequencing  of  the 
data  being o u t p u t .  
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Memory S e c t i o n  

The memory s e c t i o n  will now be  descr ibed i n  more d e t a i l .  The memory sec- 
t i o n   c i r c u i t r y  may b e   c o n s i d e r e d   a s   c o n s i s t i n g   o f   f o u r   f u n c t i o n a l   a r e a s  as 
d e p i c t e d   i n   f i g u r e  5. These  a reas   a re   con t ro l  , address,  storage  (RAM's),  and 
ou tpu t .  The c o n t r o l   c i r c u i t r y   i n c l u d e s   t h e   r e a d   o r   w r i t e   e n a b l e s   f o r   t h e  RAM's, 
t h e   r o u t i n g   o f   t h e   r e a d   o r   w r i t e   c l o c k s ,   t h e   e n a b l i n g   o f   t h e   o u t p u t   c i r c u i t r y  
d u r i n g   t h e   r e a d   s t a t e ,   a n d   o t h e r   c o n t r o l   f u n c t i o n s   r e q u i r e d   b y   t h e  memory sec- 
t i o n .  The a d d r e s s   c i r c u i t r y   i n c l u d e s   c o u n t e r s   t h a t   s e q u e n t i a l l y   g e n e r a t e  ad- 
d r e s s e s   f o r   t h e  RAM's.  The s t o r a g e   c i r c u i t r y   i n c l u d e s   t h e  RAM I C ' s ,  and t h e  
o u t p u t   c i r c u i t r y   i n c l u d e s  a Gray  code t o   t w o ' s  complement   b inary  conver ter   and 
an o u t p u t   b u f f e r .  

The memory s e c t i o n   i s   o r g a n i z e d  as a 32-way i n t e r l e a v e d  memory i n   t h e  ex- 
panded  recorder so t h a t   t h e   r e c o r d e r   c a n   s a m p l e   t h e   i n p u t   a t  a f a s t e r   r a t e   t h a n  
t h e  RAM I C ' s   o p e r a t e .   F i g u r e  6 i l l u s t r a t e s   t h e   i n t e r l e a v i n g   b y   i n d i c a t i n g   t h e  
da ta   pa ths   f rom  the  ADC. The  nodes ( s m a l l   r e c t a n g l e s )   i n   f i g u r e  6 r e p r e s e n t  
6 - b i t   p a r a l l e l   r e g i s t e r s  a n d   t h e   l i n e s   r e p r e s e n t   6 - b i t   w i d e   d a t a   p a t h s   b e t w e e n  
r e g i s t e r s .  The i n t e r l e a v i n g   i s   a c c o m p l i s h e d   i n   t h r e e   s t a g e s .  The f i r s t   s t a g e  
o f  i n t e r l e a v i n g   ( l e v e l  1) i s  performed i n   t h e  ADC s e c t i o n   b y   t h e   t w o   r e g i s t e r s  
t h a t   a l t e r n a t e l y   s t o r e   t h e   6 - b i t   G r a y  code  produced  by  the  comparators.  Thus, 
a t   t h e  2 ns sample  period,  each o f  t h e s e   r e g i s t e r s  has a cyc le   t ime  between new 
samples o f  4 n s .   T h e   o u t p u t s   o f   t h e s e   t w o   r e g i s t e r s   a r e   e a c h   r o u t e d   t o   f o u r  
r e g i s t e r s  as  shown t o   p e r f o r m   t h e   s e c o n d   s t a g e   o f   i n t e r l e a v i n g   ( l e v e l   2 ) .  
These r e g i s t e r s  have a cyc le   t ime  be tween new samples o f  16 ns. F i n a l l y ,  each 
of  t h e   s e c o n d - s t a g e   r e g i s t e r   o u t p u t s   a r e   r o u t e d   t o   f o u r  more r e g i s t e r s   t o   p e r -  
f o r m   t h e   t h i r d   s t a g e   o f   t h e   i n t e r l e a v i n g   ( l e v e l   3 )   p r o v i d i n g  a 64  ns c y c l e   t i m e  
between new samples.  Thus, new data i s   s t o r e d   e v e r y  2 ns,   but   each o f  t h e   t h i r d -  
s tage   reg i s te rs   and   hence   t he  RAM columns t h a t   r e c e i v e   t h e i r   o u t p u t s ,  have a 
64  ns p e r i o d   i n   w h i c h   t o   h a n d l e   t h e   d a t a   r o u t e d   t o  them. F i g u r e  7 i s  a t i m i n g  
d i a g r a m   w h i c h   d e p i c t s   t h e   t i m i n g   r e l a t i o n s h i p   o f   t h e   d a t a   r o u t e d   t o   c o l u m n  0 
t h r o u g h   t h e   t h r e e   s t a g e s   o f   r e g i s t e r s .  The b a r s   r e p r e s e n t   t h e   t i m e   p e r i o d  when 
the   da ta   f o r   co lumn 0 i s   i n   t h e   r e s p e c t i v e   r e g i s t e r   w h i l e   t h e   t r i a n g l e   r e p r e s e n t s  
t h e   t i m e  when t h e   d a t a   i s   w r i t t e n   i n t o   t h e  RAM's. 

The  expanded memory uses a 4096 by 1 - b i t  RAM IC. Each  column i s  composed 
o f   s i x   o f   t h e s e   I C ' s   p r o v i d i n g   s t o r a g e   c a p a c i t y   f o r  4096 data  samples.  Thus, 
t h e  131  072 word memory i s   a c h i e v e d   u s i n g  a t o t a l   o f  192 RAM I C ' s .   B e f o r e   t h e  
e x p a n s i o n ,   t h e   r e c o r d e r   u t i l i z e d   e i g h t   c o l u m n s   o f   s i x   I C ' s   p e r   c o l u m n   o r  a t o t a l  
o f  48 I C ' s   f o r  a t o t a l   s t o r a g e   o f  1024  words.  The memory i n t e r l e a v i n g   p e r m i t s  
t h e   u t i l i z a t i o n   o f  a RAM w i t h  a 55 ns w r i t e   c y c l e   p e r i o d   t o   b e   u s e d   i n  a memory 
which i s   b e i n g   w r i t t e n   i n t o   e v e r y  2 ns,  since  each  column  has a 64  ns p e r i o d   i n  
w h i c h   t o   s t o r e   t h e   d a t a   s a m p l e   r o u t e d   t o  it. 

The address ing   f unc t i on   i s   accomp l i shed   us ing   two   separa te   coun te rs .  The 
f i r s t   c o u n t e r   ( t h e  column  counter)  i s  used t o   c o n t r o l   t h e   r o u t i n g   o f   t h e   d a t a  
t o   t h e   a p p r o p r i a t e  RAM column i n  sequence wh i le   the   second  counter   genera tes  a 
12-b i t   b inary   address   wh ich   i s   shared  by   a l l   co lumns.   The  co lumn  counter  i s  a 
16 -s tage   tw is ted   r i ng   o r   Johnson   coun te r   wh ich   p roduces  32 d i s t i n c t ,   5 0 - p e r c e n t  
d u t y   c y c l e ,   e v e n l y   s p a c e   s t a t e s .   T h i s   t y p e   o f   c o u n t e r   i s   u s e d   t o   m i n i m i z e   t i m e  
d e l a y s   o f   t h e   a d d r e s s   s i g n a l s .  The 1 2 - b i t   c o u n t e r   i s  a 12-s tage  b inary   counter ,  
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which  advances  by  an  increment o f  one  each  t ime  the  column  counter  goes  through 
a complete  cyc le .   For   each  address  va lue  produced  by  the  12-b i t   counter ,   data 
i s   s e q u e n t i a l l y   r o u t e d   t o  each o f   t h e  columns  by  the  column  counter. I n   t h i s  
manner, t h e   w r i t i n g   o f   d a t a   - i n t o   e a c h   o f   t h e  columns' i s  o v e r l a p p e d   o r   i n t e r -  
l e a v e d   d u r i n g   t h e   w r i t e  mode o f   o p e r a t i o n .  The same two  counters   a re   used  to  
genera te   the  RAM addresses  dur ing  the  read mode o f   o p e r a t i o n .  The r e q u i r e d   o u t -  
p u t   d a t a   r a t e  ( 2  MHz p e r   d a t a   p o i n t  maximum) i s  s 
i n p u t   d a t a   r a t e  and  hence t h e   r e a d   o u t   o f   d a t a   i s  
appears  as a s i n g l e  merged o u t p u t   t r a i n .  

Timing  and  Control   Sect 

g n i f i c a n t l y   s l o w e r   t h a n   t h e  
n o t   i n t e r l e a v e d .  The da ta  

on 

Two f u n c t i o n s   w i t h i n   t h e   t i m i n g  and con t ro l   sec t i on ,   t he   de lay   coun te r   and  
t h e  memory t rack ing   coun te r ,  will now be  descr ibed,   s ince   they   bo th   requ i red  
m o d i f i c a t i o n   t o  be  compat ib le   wi th   the  expanded memory. The de lay   counter  i s  
u s e d   d u r i n g   t h e   w r i t e  mode o f   o p e r a t i o n   t o   p r o v i d e   d e l a y   b e t w e e n   t h e   t i m e   t h a t  
a t r i g g e r   s i g n a l  i s  de tec ted   and  the   t ime when a c t i o n   i s   t a k e n   a p p r o p r i a t e   t o  
t h e   s e l e c t e d   r e c o r d  mode - e i t h e r   d e l a y e d   t r i g g e r   o r   p r e t r i g g e r .  The  expanded 
memory waveform r e c o r d e r   i s   o n l y  used i n   t h e   p r e t r i g g e r  mode, so the   coun te r  
de lays   t he   t ime   tha t   t he   w r i t e   ope ra t i on   ceases .  When a t r i g g e r   s i g n a l  i s  de- 
tec ted ,   the   de lay   counter   beg ins   count ing   the  sample c lock .  The o u t p u t   o f   t h e  
d e l a y   c o u n t e r   i s  compared t o   t h e  amount o f   d e l a y   s e t   i n t o   t h e   f r o n t   p a n e l   d e l a y  
switches. When the  two  values  match, a s i g n a l  i s  g e n e r a t e d   t o   s t o p   t h e   w r i t e  
c l o c k  and  hence t o   s t o p   t h e   w r i t e   o p e r a t i o n .  The c a p a c i t y   o f   t h e   d e l a y   c o u n t e r  
was increased  by a f a c t o r   o f  100 ( f r o m  9990 t o  999 000 maximum). 

The read   ope ra t i on   beg ins   upon   comp le t i on   o f   t he   w r i t e   ope ra t i on .  The 
memory t r a c k i n g   c o u n t e r   i s  used t o  keep t r a c k   o f   t h e  amount o f   d a t a   t h a t  has 
been read.   S ince   the   waveform  recorder   does   no t   an t ic ipa te   cessat ion   o f   the  
w r i t e   o p e r a t i o n ,   t h e   a d d r e s s   c o u n t e r s   i n   t h e  memory s e c t i o n   a r e   n e v e r   p r e s e t   t o  
any p a r t i c u l a r   v a l u e .  When t h e   w r i t e   o p e r a t i o n  does cease,   the  next  memory 
address i s   t h e   o l d e s t   o r   f i r s t   v a l u e   s t o r e d ,  and t h e   c u r r e n t   a d d r e s s   i s   t h e   l a s t  
i t em  s to red .  When the   read  opera t ion   beg ins ,   the  memory address i s  advanced  by 
one, t h e  memory t r a c k i n g   c o u n t e r  i s  c leared ,  and t h e   o l d e s t   d a t a   i t e m   i s   r e a d  
ou t .  As each  successive  data  i tem i s  read,   the memory t r a c k i n g   c o u n t e r  i s  ad- 
vanced  by  one i n  synchronism  wi th   the  address  generator   and when a l l  t h e   d a t a   i n  
t h e  memory has  been read  ou t ,   the  memory t r a c k i n g   c o u n t e r  will r o l l   o v e r .   T h i s  
r o l l   o v e r   i s   d e t e c t e d  and  used t o   s i g n i f y   t h a t   t h e   f u l l   c o n t e n t   o f  memory has 
been  read.   The  count   capaci ty   o f   th is   counter   must   be  the same as t h e  memory 
c a p a c i t y   i n   o r d e r   t o   d e t e c t  when t h e  memory has  been completely  read, so t h e  
coun te r   capac i t y  was increased  by a f a c t o r  o f  128 t o  be  compat ib le.  

EXPANSION DETAILS 

The p r i n c i p a l  changes t o   t h e  waveform r e c o r d e r   t o   a c h i e v e   t h e   d e s i r e d   e x -  
panded  capaci ty   were  the  increase  o f   the memory s to rage   capac i t y ,   t he   conve rs ion  
o f   the   power   supp ly   to  400 Hz a t  115 VAC, and t h e   i n c r e a s e   i n   t h e  number o f  sam- 
p l e   t i m e s   t h a t   t h e   t r i g g e r  may be  delayed. The  changes  were  accomplished  by: 
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instal l ing two small printed  circuit  (PC) cards on two of the  existing PC boards 
i n  the commercial u n i t ,  replacing  the  existing memory PC board  w i t h  an inter-  
face PC board and adding four wire-wrap  boards mounted in a separate  chassis, 
replacing  the 60 Hz power supply  with a 400 Hz one, and by replacing  the 60 Hz 
fans  with 400 Hz ones. The expanded waveform recorder has a memory capacity o f  

131  072 ( 2  ) 6-bit words instead of 1024, trigger  delay  selection of from 0 
t o  999 000 sample times  instead of 9990 and  can operate  in an a i r c ra f t  environ- 
ment with 400 Hz power. 

17 

The  memory capacity  increase was accomplished by extending  the  architec- 
ture  of the commercial units memory while employing similar  concepts. The 
4096 by 1-bi t HMOs ( a  high performance metal oxide  semiconductor  technology) 
RAM IC was selected over  the 128 by 1-bit  emitter coupled logic ( E C L )  RAM IC 
of the commercial unit because of  the  combination o f  storage  capacity and  write 
cycle  period. The addressing scheme  was extended from eight columns t o  32 and  
the  register and  gating  logic was adapted or modified  as  required by the ex- 
panded architecture.  Where the commercial unit used solely E C L  logic on the 
memory PC b o a r d ,  the expanded uni t   u t i l izes  a combination of E C L ,  t ransis tor-  
t ransis tor   logic  ( T T L ) ,  and HMOs logic. An interface PC boa rd  was bui l t  which 
is  inserted  into  the  slot  occupied by the  original memory PC board .  The inter-  
face board serves  the  function of  connecting  the unmodified unit t o  the expand- 
ed  memory and i t  contains  the column counter and  some o f  the  control g a t i n g .  
In particular,  the  functions which are  the most sensit ive t o  the  propagation 
delays of their   signals were placed on t h i s  boa rd  in  order t o  minimize these 
delays. The interface PC boa rd  has two.layers o f  conductors and  i t  ut i l izes  
the  stitch-weld  technique for interconnecting  signals.  This  construction 
allows for  large ground planes on b o t h  sides of the PC board in   spi te  of the 
large number of interconnections  required. 

The remainder of the memory i s   d i s t r ibu ted  among four wire-wrap frames, 
which are  installed in a separate  chassis. Each of these boards contains  the 
circuitry  required  for  eight of the memory columns. I n  addition,  the  12-bit 
address  counter and the  eight  level one d a t a  registers  are  contained on these 
boards. Each wire-wrap frame consists of two sections,  a TTL section a n d  an 
E C L  section. The TTL section  is  a two-layer PC boa rd  where each layer  contains 
one of the  voltage  planes  associated  with TTL c i rcui t ry  (0 volts and +5 vo l t s ) .  
All the HMOs a n d  TTL IC's  are  inserted on t h i s  b o a r d .  The E C L  section  is   fur- 
ther  subdivided  into two parts.  One p a r t  i s   f o r  E C L  IC's  while  the  other p a r t  
i s   for  E C L  t o  TTL level  translator  IC's, which make the  signal  voltages  of  the 
two types of logic  compatible. The ECL p a r t  has three  layers ( - 5 . 2 ,  - 2 . 0 ,  and 
0 vol ts)  and  the  translator p a r t  has four  layers ( - 5 . 2 ,  -2 .0 ,  0, and +5 vol t s ) .  
The purpose o f  the  multilayers  is t o  control  the impedance  between the  voltage 
planes and  the  signal  leads minimizing signal  propagation  delays and  reducing 
reflections.  The wire-wrap  boards used  have provisions  for  single  inline 
package ( S I P )  res i s tor  networks so t h a t  the  termination  resistors  required by 
the E C L  IC's can be easily accommodated. All the  IC's  are  interconnected using 
the wire-wrap technique. The four wire-wrap  frames are housed in a chassis 
which i s  mounted on t o p  of the  original waveform recorder.  Figure 8 i s  a 
photo showing the wire-wrap c i r cu i t  boards. 

1 24 



T h e  two piggyback PC cards were required for the memory storage  capacity 
increase. One card  extends  the  range  of  the memory tracking  counter from 
1024 ( 2  ) t o  131 072 ( 2  ) . This was accompl ished by removing  one of  the 
IC's  of  the  original  counter and inser t ing  the piggyback card i n  i t s  place. 
The other  piggyback card was required  to  extend  the  range o f  the  delay  t r igger  
counter from 9990 t o  999 000. This second  modification was accomplished i n  a 
s imi la r  manner i n  which the  function on the piggyback card was inserted i n  
place  of an IC. 
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The  power supply  changes  were  required t o  accommodate the  increased  load 
of the   addi t iona l   c i rcu i t s  and the use  of a i r c r a f t  400 Hz 115 VAC power. The 
expanded waveform recorder  requires  about 300 watts of power a n d  weighs  about 
32 kilograms  (not  including the power supply, which weighs  about 46 kilograms). . 

RESULTS A N D  CONCLUDING REMARKS 

The original goal o f  an expanded recorder  operating a t  a 2 ns sample 
period was n o t  achieved, however, the  unit  does operate  properly a t  10 ns. 
The unit  operates a t  a 5 ns period, b u t  the  stored d a t a   h a s  sca t te red   e r rors .  
A t  the 2 ns period,  the sampling  clock i s  loaded down so much  when i t  reaches 
the column counter on the  interface PC board  t h a t  the  counter  does n o t  re l iab ly  
advance. Hence, the  synchronization  required between the  data coming from the 
ADC and  the RAM's is   los t .   Further   ref inements  i n  the IC layout,  s i g n a l  paths, 
and clock  buffering  will  allow  the  proper  operation  of  the column counter and 
further  refinements i n  signal  paths a n d  PC layout  will   el iminate  the  scattered 
errors  observed  while  operating a t  the 5 ns period. Although the  stitch-weld 
PC board  system  allows  the  maintenance  of g r o u n d  planes  over most of the 
surface  of  both  sides  of  the P C  board, a multi layer board  should be used.  Also, 
a multi layer PC board  should be used i n  place o f  the f o u r  wire-wrap  frames. 
F ina l ly ,   i f  E C L  4096 x 1 -b i t  RAM IC's  w i t h  a 30 ns write  cycle  time  are used 
instead of the HMOs RAM's, the  necessi ty   for   t ranslat ing  the  s ignals  from E C L  
t o  TTL levels  would  be reduced,  the number of IC's used i n  the memory section 
would decrease from about 500 t o  400, the g a t i n g  functions would  be s implif ied,  
the  signal p a t h  lengths would be reduced,  the PC board area would decrease, 
and the power requirements would decrease. ( E C L  RAM's of this type were n o t  
available when this  project  was begun.) On  the   posi t ive  s ide,  a usable  record- 
e r  w i t h  a 6 - b i t  amplitude  resolution and  a 10 ns time  resolution t h a t  can re- 
cord a 1300 ps event has been produced, which i s  an improvement over  previously 
available  recorders.  

" 
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Figure 1 . -  Expanded waveform recorder. 
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Figure 2.-  Pretrigger and delay   tr igger  records. 
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Figure  3.-  P r e t r i g g e r  records us ing   t r i gge r   de l ay .  
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Figure  4.- Funct ional   diagram of waveform recorder. 
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Figure 5.- Functional  diagram of memory section. 
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Figure 6.- 32-way in te r leaved  memory. 
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Figure 7.- Column 0 data path timing. 
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SUMMARY 

A s e t  of electromagnetic  sensors, or electrically-small  antennas,  is 
described. The sensors  are designed for   instal la t ion on an  F-106 research 
aircraf t   for   the measurement of e l ec t r i c  and magnetic f ie lds  and  currents 
during a l ightning  strike.  The e l ec t r i c  and magnetic field  sensors m o u n t  
on the  aircraft  skin and  respond t o  the  exterior  f ields aD and  -- 

a B  

respectively. The current  sensor mounts  between the nose boom and the  fuse- 
lage and responds t o  % , where I i s  the boom current. The sensors  are a1 l 
on the  order of 10 cm in  size and  should produce up  t o  about  100 V for  the 
estimated  lightning  fields. The basic  designs  are  the same as  those developed 
for nuclear  electromagnetic  pulse  studies. The  most important e lectr ical  
parameters of the  sensors  are  the  sensitivity, or equivalent  area, a n d  the 
bandwidth ( o r r i s e  tin:?). Calibration of sensors with simple  geometries i s  
reliably accomplished by a geometric ana1ysis;all  the  sensors  discussed  in 
th i s  paper possess  geometries for which the  sensi t ivi t ies  have  been calculated. 
For the  calibration of sensors  with more complex geometries a n d  for general 
tes t ing of all  sensors, two transmission  lines were constructed t o  transmit 
known pulsed f ie lds  and  currents  over  the  sensors. 

a t  3 

INTRODUCTION 

With increasing use of composites, digital  avionics, and  d ig i ta l ly  con- 
trolled  fly-by-wire  systems, much emphasis has  been placed on protecting  air-  
c r a f t ,  equipment, and personnel from the  various  effects of lightning. Not 
only may the  digital  systems be  more susceptible t o  upset by lightning-induced 
t ransients ,  b u t  the Faraday shield  protection  created by the metal skin o f  
present  generation  aircraft  will  disappear with the use of composites. S t r o n g  
l ightning  f ields  will  induce unwanted pulses on wiring t h a t  could, a t  a minimum, 
produce erroneous  information a n d ,  a t  a maximum, destroy  cri t ical ,   stored d a t a  
w i t h o u t  actually  destroying  the  physical  structure o f  the system. With an 
analog  system, interruptions  are momentary; b u t  with a digi ta l  system, 
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interruptions may las t   as  long as i t  takes t o  reset ,   reload, o r  reprogram 
the system. Clearly, because of the  lack of external  protection,  the  line 
of defense  will have t o  be drawn w i t h i n  the  digital  system i t s e l f  by lightning- 
hardened designs, and  these  designs need t o  be tested.  However, since very 
l i t t l e  d a t a  exist  for  lightning  generated  fields on a i r c r a f t ,  a fundamental 
prerequisite  for  solving  the problem i s  the  definition of these  f ields.  

The Langley Research Center has undertaken t o  develop a design  process 
t h a t  can produce ul t rarel iable   digi ta l  equipments and i t  has also undertaken 
a research program t o  better  define  the  electromagnetic  effects of lightning 
on a i r c ra f t  which may affect  such equipments. To t h i s  end, a lightning meas- 
urements program has been implemented. An instrumented aircraf t   wi l l   f ly   into 
thunderstorms, and  recordings  will be  made of electromagnetic  sensors  located 
on the a i r c ra f t .  Another p a r t  of the program will then correlate t h a t  d a t a  
with  simultaneously  recorded ground-based observations which will  give  addi- 
tional  information a b o u t  the  properties of the  lightning. 

The instrumentation system t h a t  i s  being  developed has been described  in 
detail a t  a previous workshop ( r e f .  l ) ,  and  a major element  in  the  recording 
process,  the  endless-loop  digital  recorder,  is  described  in  detail a t  the  pres- 
ent symposium ( r e f .  2 ) .  The endless-loop  digital  recorder can store 130 000 
d a t a  samples a t  a 10 ns sample interval.  This  information i s  then  re-recorded 
a t  a slower rate  in PCM format on a slow analog recorder. A system containing 
two digital  recorders, a video recorder, and a conventional  recorder was f l i gh t  
tested  during  late summer o f  1979. Future systems will  contain u p  t o  twelve 
channels of such wide-band, digital  recording. 

As will be seen i n  their   detailed  descriptions t h a t  follow,  the  sensors 
are  directional  in  design;  consequently, by placing  several of them a t  various 
locations and  orienting them along  expected major axes of f ie ld   direct ions,  a 
multidimensional  picture of the  f ie ld  of in te res t  can be reconstructed from 
the  recorded d a t a .  Some preferred  locations of the measurements t h a t  need t o  
be  made on a n  a i rc raf t   a re  shown in figure 1. Electr ic   f ie lds   are  measured 
near  the  extremeties of the   a i rc raf t ,  a n d  magnetic f ie lds   are  measured nearer 
the  center of the  a i rcraf t .  This  should  give maximum signal o u t p u t  in  the 
presence of electromagnetic  resonances. T o t a l  current  in  the nose boom, caused 
by a direct   s t r ike t o  the boom, will be measured as i t  flows from the boom t o  
the  airframe. I n  the  case of a nearby strike,  the  three-axes magnetic f ie ld  
measurement i n  the boom will  define  the ambient  magnetic f i e ld  w i t h  the  least 
amount of  a i rc raf t   d i s tor t ion .  

SENSOR DESIGN 

The sensors t h a t  were  flown l a s t  summer, and will be flown this   year ,   are  
being  designed a t  Langley Research  Center and  a t  the Texas Tech University and 
bu i l t  a t  Langley Research Center.  Their  locations  are shown on the  research 
a i r c r a f t ,  an F-106BY in  figure 2 .  Their  designs  are based on those of the 
sensors developed for making  nuclear  electromagnetic  pulse measurements by the 
Air Force Weapons Laboratory (AFWL) , where they  are  referred t o  as the  multigap 
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loop ( M G L ) ,  the   f lush-plate   dipole  ( F P D ) ,  and the  outside Moebius mutual- 
inductance (0") loop   ( re f .   3 ) .  The fundamental quant i t ies  which they measure 
are  time-rates-of-change  of  magnetic  flux  density,  electric  displacement, and of 
current;   hence,   they  are  called i n  this paper  B-dot,  D-dot, and I-dot  sensors,  
respectively.  All the sensors   a re   e lec t r ica l ly   smal l .  The  maximum expected 
values  of  I-dot,  B-dot, and D-dot are  as  follows:  the maximum I-dot i s  about 
10 k A / O . 1  ps; w i t h  this current  flowing  over a fuselage  of 1 meter  radius, 
B-dot i s  2 x 10 Tesla/s on the surface;  the maximum D-dot i s  50 A / m 2 ,  which 
corresponds  to a rate-of-change  of E of  about 10 V/m/O.  1 us ( r e f .  4 ) .  

4 
5 

D-dot Sensor 

The D-dot sensor i s  an FPD design. I t  consis ts  of an insulated  plate  
which i s  mounted f lush w i t h  a ground plane and i s  enclosed  underneath by a 
metal cavity.  When the  sensor   is  mounted on t he   a i r c ra f t ,   t he   a i r c ra f t   sk in  
serves  as  the g r o u n d  plane. A photograph  of  the  sensor i s  shown in  figure 3 
and a sketch i n  f igure 4 .  The p l a t e   i s  loaded by two cables which are  connected 
together a t  a signal summing point t o  form a s ingle  o u t p u t .  The use  of two load 
points  rather t h a n  one reduces  the  relative p r o p a g a t i o n  delay  in  picking u p  the 
f i e l d  from different   par ts   of   the   sensor .  The boundary condition  equating  the 
charge  density on the  plate   to   the  e lectr ic   displacement   f ie ld ,  D, normal t o  
the   p la te   resu l t s  i n  an o u t p u t  current from the  plate  proportional t o  the  time 
derivative  of D. 

Because the b a n d w i d t h  of an FPD sensor  of  given  dimensions  cannot be cal-  
culated,   prototype  testing was a prerequis i te .  A sensor  having a large enough 
p la te  t o  achieve  the  desired  sensit ivity was b u i l t .  The sensor  capacitance was 
measured, and  from th i s   t he  bandwidth  determined. I n  order  to  optimize  the 
design,  various  changes were then made, and the  capacitance  remeasured. The 
r e su l t s   a r e  summarized in  Table I ,  where the measured capacitance, C y  and  3-dB 
bandwidth, f o ,   a r e  given for  three  designs and  are  compared w i t h  the  capacitance 
and  b a n d w i d t h  calculated  for  the  case o f  an i n f in i t e   cav i ty  (open  space  under 
the g r o u n d  plane).  This l a s t   ca se  has the maximum possible b a n d w i d t h .  For the 
10.2 cm (4 i n . )  deep cavi ty ,   the  b a n d w i d t h  i s   c lose   to   the  maximum: 180 MHz 
vs  215 MHz; consequently,  10.2 cm appears t o  be a reasonable  depth t o  use. 
Unfortunately,   the   s lot   i s   sealed i n  the  final  version  of  the  sensor t o  protect  
i t  from the  environment, and  this   addi t ion of d ie lec t r ic   mater ia l  means a 
s l i g h t l y  lower  bandwidth. A seal  consisting of a layer  of  structural   adhesive 
(Scotch-Weld 2216 c l e a r )  was used on the  prototype. 

The f inal   vers ion  of   the  sensor   differs   s l ight ly  from the  prototype  as 
shown i n  Table I .  The cavity i s  l imited i n  depth to   8 .3  cm (3.25 i n . )  by the 
geometry  of the F-106, and thus the  cavity  diameter has been increased  to 
33.0 cm (13 i n . )  in   order   to  keep the  capacitance low. Also,  the  adhesi've has 
been replaced  with  silicone  rubber (RTV 6 3 0 ) ,  which has a lower d i e l e c t r i c  
constant  (3.2 vs 5 .5) .  The capacitance and the bandwidth of  the  f inal   version 
were  measured t o  be  24 pf and 132 MHz. 
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The bandwidth, fo ,   i s   calculated from the  capacitance by assuming a 
simple model of  the  sensor  consisting of a current  source and a capacitor  in 
parallel and loaded by the 5 0 4  l ine.  See figure 5a (the  radiation  resistance 
of the  sensor i s  small and may  be neglected). The output f a l l s  by 3 dB when 
l/(Z.rrfoC) equals 50 R ,  which is  the  expression for fo.  Also,  the  sensor r i s e  
time, t,, required t o  charge  the  capacitance, C y  can be obtained from the 
formula t r f o  = 0.35. The total  sensor  rise time i s  tr plus  the  propagation 
time for  a field  crossing  the  sensor. 

The sens i t iv i ty ,  o r  equivalent  area, A D ,  of the D-dot sensor can be cal- 
culated from the  sensor geometry using the formula A D  = n r  r ( r e f .  5 ) .  The 
value of A D  from the formula i s  given in  Table 11 ,  which gives  parameters for  
all  the  sensors.  Alternately, A,, can be measured by exposing the  sensor t o  
a known f ie ld .  

1 2  

I n  order t o  measure A D ,  the  sensor may  be exposed t o  a D-field w i t h  a 
s tep change in  time. Then the  sensor o u t p u t  result ing from the  step  is   inte- 
grated and AD i s  found from the  final  value reached by this   integral .  This 
process i s  shown in  figure 5. I n  figure 5 b ,  the  D-field i s  given in terms of 
the  unit  step, u ( t )  , and the  sensor  current  source  then  contains an impulse 
function, 6 ( t ) .  The resulting  sensor o u t p u t  voltage  is shown in figure 5c. 
The impulse charges  the  capacitor  instantaneously,  followed by an exponential 
decay. The integral of the o u t p u t  i s  given in  figure 5d. The final value i s  
RADDo, from which  one obtains AD.  I n  the  section below ent i t led  SENSOR 

TESTING, the  value of AD i s  measured in  this way, using the  leading edge of a 
pulse  propagated  over  the  sensor  as  the  D-field step.  The s t ep   i s ,  of course, 
n o t  instantaneous, b u t  i s  much fas te r  t h a n  the  response  time of the  sensor. 

B-dot  Sensor 

An MGL design employing two gaps was chosen for  the 6 - d o t  sensor. (See 
figures 6 and  7 .  ) The reasoning behind the  design i s  as  foll ows:  The sensor 
is   essent ia l ly  a semicircular loop on a g r o u n d  plane and gives an o u t p u t  voltage, 
from Faraday's law, which is  proportional  to  the  rate of change o f  the magnetic 
field  cutt ing t h r o u g h  the  plane of the  loop. To reduce the  sensi t ivi ty  o f  the 
loop t o  e l ec t r i c   f i e lds  normal t o  the  plane, a plate  is   inserted t o  short  the 
center of the loop t o  the  plane.  This  creates two separate  loops, each of which 
requires a gap  and a loading  cable. I n  addition,  the  sensor  is made f a i r ly  long 
to  lower i t s  inductance (and  thus  increase i t s  bandwidth) by spreading o u t  the 
current; so t h a t ,  in   fact ,  two loading  cables  are needed along each gap .  The 
two cables have 1 0 0 4  impedances and are connected  in parallel t o  a 50-R cable, 
providing  the  sensor  with two 50-R o u t p u t  cables, one  from each loop. The 
cable  connections  are shown a t  the lower right  in  figure 7. The o u t p u t  voltages 
are of the  opposite  sign, so t h a t  the  total o u t p u t  i s  obtained by subtracting 
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t h e  two.  This i s  done i n  a d i f f e r e n t i a l   a m p l i f i e r   a t   t h e   l o a d  end o f   t h e   o u t -  
pu t   cab les .  The ar rangement   has   the   advantage  tha t   any   in te r fe r ing   s igna l  
which i s  p icked up equa l l y   a long   bo th   cab les  will be cance l l ed   ou t .  

The s i z e   o f   t h e   B - d o t   s e n s o r  was chosen  large  enough f o r  adequate  sensi- 
t i v i t y  and  then  the  inductance  and  bandwidth  corresponding  to   th is   s ize  were 
ca lcu la ted .  The bandwidth was f o u n d   t o   b e   s e v e r a l   t i m e s   l a r g e r   t h a n   r e q u i r e d ,  
a l l o w i n g   t h e   f i n a l   v e r s i o n   o f   t h e   s e n s o r   t o   b e   f a b r i c a t e d .  The i n d u c t a n c e   o f  
the  sensor  i s   g i v e n   a p p r o x i m a t e l y   b y   t h e   f o l l o w i n g   f o r m u l a   ( r e f .  6, p.  52) : 

where r = 6.4 cm (2.5  in . )   and 1 = 11.7 cm ( 4 . 6   i n . ) .   T h i s   i s   t h e   u s u a l  
f o r m u l a   f o r  a c i r c u l a r   l o o p   w i t h   t h e   f a c t o r  1/2 added  because  the  sensor i s   i n  
t h e   f o r m   o f  a s e m i c i r c u l a r   l o o p  on a p lane.  The r e s i s t a n c e ,  R, l o a d i n g   t h e  
l o o p  i s  100 R (100//100 + 100//100), so t h e   r i s e   t i m e   i s   g i v e n   b y  

t = 2.2 = 1.00 x lo-' s, and  the  bandwidth i s  fo = 7 ' 35 = 350 MHz. The 
r 

L 
r 

c i r c u i t  model i s  shown i n   f i g u r e  8a. 

The s e n s i t i v i t y   ( e q u i v a l e n t   a r e a )   o f   t h e   6 - d o t   s e n s o r ,  AB, can  be c a l -  

cu la ted   f rom  the   geomet r ic   a rea   o f   the   sensor   loops   together   w i th  a c o r r e c t i o n  
f o r   t h e   e f f e c t   o f   t h e   s e n s o r   b a s e p l a t e  as i s  done i n   r e f e r e n c e  6. The r e s u l t  
i s  g i v e n   i n   T a b l e  11. 

AB can a l s o  be  measured,  using  the same technique  descr ibed  above  for  

A,,. The e q u a t i o n s   a r e   g i v e n   i n   f i g u r e  8 a n d   a r e   v e r y   s i m i l a r   t o   t h o s e   i n  

f i g u r e  5. The a c t u a l  measurement o f  AB i s  discussed i n   t h e   s e c t i o n  SENSOR 

TESTING. 

I -dot   Sensor  

The I - d o t   s e n s o r   i s  an OMM type  and will be  used t o   d e t e c t   l i g h t n i n g   c u r -  
r e n t   f l o w i n g  on the  nose boom o f   t h e  F-106. F i g u r e  9 shows a p h o t o g r a p h   o f  
t he   senso r   and   f i gu re   10a   ske tch   o f  a c ross-sec t ion   th rough  the   sensor .  By 
Faraday 's   law,   cur ren t   f low ing   over   the   sensor   induces  a v o l t a g e   i n   t h e   s m a l l  
rec tangu lar   loop ,   wh ich  i s  mach ined  c i rcumferent ia l l y   a round  the   sensor .  The 
gap i n   t h e   l o o p   i s   l o a d e d   a t   f o u r   p o i n t s  as shown i n   t h e   c a b l i n g   d i a g r a m   i n  
t h e   u p p e r   l e f t   p o r t i o n   o f   t h e   f i g u r e .  The sensor has a d i f f e r e n t i a l   o u t p u t  
s i m i l a r   t o   t h e   B - d o t   s e n s o r  and, t h e r e f o r e ,  has  good  immunity  from  the  pickup 
o f   i n t e r f e r i n g   s i g n a l s  on the   ou tpu t   cab les .   Exper ience   w i th  OMM sensors was 
g a i n e d   p r i o r   t o   t h e   c o n s t r u c t i o n   o f   t h e  F-106  sensor   th rough  the   cons t ruc t ion  
and t e s t i n g   o f  two  prototype  vers ions.  
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The bandwidth o f  the I - d o t  sensor i s  determined  approximately w i t h  the 
use o f  a simple c i r cu i t  model consisting o f  a voltage  source  in  series  with 
an inductance and a resistance  load. For the I - d o t  sensor,  the  voltage  source 
i s  given by 2M - , where M is  the  basic mutual inductance of the  sensor, 
and i i s  the  current  flowing  over  the  sensor. Because the two outputs  are 
connected across  the gap  i n  opposite  directions,  the  sensor has effectively 
two turns and thus  the  factor of 2 in  the  source  as shown in  reference 7 .  The 
inductance  in  the model consists of two parts:  the  sensor  inductance, L s ,  
which i s  somewhat  more than  4M, and the  inductance, L w ,  o f  the  short  lengths 
cable  center-conductor which extend across  the  sensor gap .  The load R i s  the 
combined load of the  cables, o r  100 R. The value of L s  + Lw i s  estimated  tobe 

di 
d t  

1.1 x 10-8H. Thus , the 3-dB bandwidth, f o  , i s  f = R 
0 h ( L S  + L w )  = 1 . 5  GHz. 

This i s  much higher t h a n  is  required  for  the  instrumentation system. The 
corresponding r i s e  time i s  .23  ns. 

The sens i t iv i ty  or mutual inductance, M y  of the I - d o t  sensor can be cal- 

culated from the formula M = 2 x w I n  H as shown in  reference 7 .  The 

resu l t   i s  given in  Table 11. M can also be measured, and  one way th i s  can be 
done i s  by connecting a f a i r ly  low-frequency sinusoidal  source t o  the  sensor. 
The amount of current flow i s  measured using a Tektronix CT-2 current  trans- 
former. Using the above procedure for  frequencies around 10 MHz gives a value 
of M which i s  within a few per cent of the  calculated  value. 

a 

TRANSMISSION-LINE SENSOR CALIBRATORS 

Two special  transmission-line  structures were bui l t   for   tes t ing and ca l i -  
brating  the  sensors. A large  f lat-plate  l ine based on "Design A "  of ACHATES 
Memo 1 ( r e f .  8)  was bui l t   for   t ransient  and  steady-state  testing o f  B-dot  and  
D-dot sensors; and  a smaller,  coaxial  line was built   for  the  transient  testing 
of I - d o t  sensors. 

Flat-Plate  Transmission Line 

The two conductors of the  f la t -plate   l ine  are  a ground plane and an upper 
plate as shown in figures 11 and 12.  Sensors are mounted on the g r o u n d  plane 
beneath the upper plate and  are  illuminated by a TEM f i e ld  which propagates 
from one  end of the upper plate t o  the  other  (mainly between the  plate and  the 
g round  plane). The ground  plane i s  made of  a1 umi num panels w h i c h  are taped 
together with  conducting  tape t o  give an overall  length of 10.97 m (36 f t . )  and 
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width of 4.88 m (16 f t . ) .  The upper plate   is   a lso o f  aluminum panels, w i t h  
bolted and taped jo in t s ,  and i s  suspended from the  ceiling by adjustable nylon 
cords. The upper p la te   i s  angled toward the ground plane and tapered t o  a p o i n t  
a t  the i n p u t  end, where i t  connects t o  the  coaxial  cable  (3/8-inch foam 
dielectric  Heliax) from the  signal  source. A t  the o u t p u t  end,  the upper plate 
is   s imilar ly  angled and tapered and i s  connected t o  a matched load. The char- 
ac t e r i s t i c  impedance of the  l ine i s  100 Q. 

One can imagine that  the  l ine i s  derived from a 200-R l ine  w i t h  symmetric 
upper and  lower plates by passing a ground plane th rough  the  plane of symmetry, 
thus  eliminating  the lower plate  and obtaining a 100-R l ine between the ground 
plane and the upper plate. 

Sensors t o  be tested  are  positioned on the  center  line of the ground plane 
below the f i r s t  bend i n  the upper plate.  Figure 12  shows the B-dot sensor  in 
place and also  the  electronics used f o r  transient  testing. A Tektronix 109 
pulse  generator ( tr  = 250 ps)  drives  the 1 ine  with 50-V pulses. The outputs 
from the  sensor  are sampled with  Tektronix S-4 sampling heads ( t r  = 25 ps ) ;  
a n d  the o u t p u t  waveforms, their   difference,  and  the  integral of their  difference 
are  displayed. The pulse  generator  also  supplies a trigger  signal t h r o u g h  a 
tee a n d  an attenuator. 

Coaxial  Transmission Line 

Figure 13 shows the I - d o t  sensor mounted i n  the  coaxial  line for  testing. 
The sensor  actually forms an integral p a r t  of the  line. The center  conductor 
consists of, from l e f t  t o  r i gh t ,  a cone,  the  sensor, and  four  heavy-gauge wires 
like  those used on the F-106 t o  conduct  the  lightning  current between the 
sensor and the  fuselage. I n  the  coaxial 1 ine  these  wires  are  flared o u t  a n d  
fastened t o  the  outer  conductor a t  the  right-hand end o f  the  line,  thus  essen- 
tially  shortening  the  line a t  this  point.  Because  of the  short ,   the  l ine  is  
used for  transient  testing  only. The sensor o u t p u t  cables  are passed  along the 
center and o u t  a t  the r i g h t - h a n d  end. The  same pulse  generator and  sampling 
equipment used on the  f la t -plate   l ine  are  used here. The l i n e   i s  121.9 cm 
( 4 8  i n . )  l o n g .  

The character is t ic  impedance Zc of the  coaxial  line  is roughly 100 G. 
I t  varies somewhat with position  along  the  line because of  the  varying  radius 
of the  sensor a n d  wires.  Thus,  various  reflections  occur  along  the  line, and  
the  f ield over the  sensor gap  i s  n o t  known precisely. Because of this ,   the  
l ine i s  n o t  used for  making accurate checks of the  sensi t ivi ty  of the  sensor 
b u t  only t o  verify t h a t  the  sensor o u t p u t  waveforms are  reasonable. 
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SENSOR TESTING 

Preliminary  testing of the  sensors  described above was done by examining 
the time-domain reflectometer (TDR) response of each sensor,  using a Hewlett 
Packard 1415A TDR. Measured TDR waveforms were compared w i t h  the  expected 
waveforms, which are predominantly inductive  for  the B-dot and I-dot  sensors 
and predominantly capacitive  for  the D-dot sensor. The measured waveforms 
were sat isfactory and reflections  at  connectors and summing points were small 
( r e f .  9 ) .  Further  testing of the  sensors was then  carried o u t  using the 
transmission-line  calibrators. 

B-dot Sensor 

The B-dot sensor was installed  in  the  f lat-plate  l ine  as shown i n  
figure 12 .  The sensor i s  oriented for maximum sens i t iv i ty .  The sampling 
scope displayed  the two sensor  outputs  corresponding t o  the passage  of the 
leading edge of the  pulses  over  the  sensor. The  waveforms are shown in 
figure 14; they are roughly like  the  calculated B-dot sensor o u t p u t  in  figure  8. 
Notice t h a t  the  pulse from the  front  (left-hand)  section of the  sensor i s   qu i te  
sharp,  while t h a t  from the  rear  section  is lower in  amplitude a n d  broader. 
This  slower  response from the  rear  section of the  sensor i s  apparently due t o  
the  fact t h a t  the  rear  section  is  in  the shadow of the  front  section  as  far  as 
the  high-frequency components of the  f ield  are concerned. 

Figure 15 shows the  total o u t p u t ,  t h a t  i s ,   the   difference of the  individual 
outputs, and the  integral of th i s .  Because the  sensor  output  should,  ideally, 
be the  derivative of the magnetic f ie ld   s tep ,   i t s   in tegra l  should closely approx- 
imate the  f ield  step.  The individual o u t p u t s  remain somewhat posi t ive  af ter  
the  initial  pulses;  consequently,  the  total o u t p u t  contains a weakly positive 
region  following  the  pulse, and  this  gives  r ise t o  a region of somewhat gradual 
r i s e  in the  integrated o u t p u t  following  the ini t ia l   rapid  r ise .  Thus the 
10to90-percent  rise  time, t r  , of the  integrated  signal i s  quite  long, 3.5 ns. 
The 10to50-percent  rise time i s  only 0 .5  ns. The interpretation of  these 
observations  leads one t o  believe t h a t  t h i s  gradual r i s e   i s  a basic  character- 
i s t i c  o f  multigap  sensors of this  type. 

The sens i t iv i ty ,  o r  equivalent  area AB , of the  sensor i s  determined from 
the  integrated o u t p u t .  The final value of the o u t p u t  i s  equated t o  ABBo , 
as  in  figure 8d, where Bo i s  the  value reached by the magnetic f ie ld  over 
the  sensor. i s   re la ted  t o  the  pulse  generator  voltage from a theoretical 

analysis of the  flat-plate  transmission  line. The r e su l t   i s  AB = 5.70 x 10 m , 
BO 

-3 2 

.73 x 10 m . -3 2 which i s  in  excellent agreement  with the 
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t he re   shou ld  be  no ou tpu t   f rom  the   sensor  and, t h e r e f o r e ,   c o n s t i t u t e  a 
spu r ious   response   wh ich   requ i res   f u r the r   i nves t i ga t i on .  

If the  B-dot  sensor i s   r o t a t e d  90' o n   t h e   g r o u n d   p l a n e ,   i t s   o u t p u t   i s  a 
minimum  and r e s u l t s   p r i m a r i l y   f r o m   e l e c t r i c - f i e l d   p i c k u p .  The t o t a l   o u t p u t   i n  
t h i s   o r i e n t a t i o n  was found t o  be 32 db down f r o m   i t s   v a l u e   f o r   t h e   p r e v i o u s  
o r i e n t a t i o n .  

D-dot  Sensor 

The D-dot  sensor was t e s t e d   i n   t h e   f l a t - p l a t e   l i n e   i n   t h e  same manner  as 
the  B-dot  sensor.  The  output,  as  observed on t h e   s a m p l i n g   o s c i l l o s c o p e ,   i s  
shown i n   f i g u r e  16; t h e   i n t e g r a t e d   o u t p u t   i s  shown i n   f i g u r e  17.  From t h e   f i n a l  
v a l u e . o f   t h e   i n t e g r a t e d   o u t p u t ,   t h e   e q u i v a l e n t   a r e a   o f   t h e   D - d o t   s e n s o r  was 

measured t o  be A, = .0383 m . T h i s   v a l u e   i s  6 .4  percent   be low  the  va lue  ca l -  

cu la ted   f rom  theo ry  '(.0409m ) .  The s e n s o r   r i s e   t i m e ,   f r o m   f i g u r e  17, i s  2.4  ns. 
Th is   co r responds   t o  a 3 dB-bandwidth, fo , o f  147 MHz, u s i n g  trfo = .35. 

E a r l i e r ,   t h e   b a n d w i d t h  was de te rm ined   to  be  132 MHz by  measurement o f   s e n s o r  
impedance.  (See Table I . )  The d i f f e r e n c e   i n   t h e  two  va lues  g ives some idea 
of   the  accuracy  o f   the  bandwidth  determinat ion.  

2 

2 

I -dot   Sensor  

The output  waveforms o f   t h e   I - d o t   s e n s o r  when mounted i n   t h e   c o a x i a l   l i n e  
w e r e   v e r y   s i m i l a r   t o   t h o s e   o f   t h e  OMM sensors shown i n   r e f e r e n c e  7 ,  f i g u r e s  4-5. 

CONCLUSIONS 

Elect romagnet ic   sensors  were  des igned  and  const ructed  for   use  on a research 
a i r c r a f t .  The o u t p u t  waveforms o f   t h e   I - d o t  and  D-dot  sensors  were  as  expected 
when t e s t e d   i n   t h e   t r a n s m i s s i o n - l i n e   c a l i b r a t o r .  However, a need f o r  some 
ref inements i n   t h e   d e s i g n   o f   t h e   B - d o t   s e n s o r  was i n d i c a t e d   i n   o r d e r   t o   r e d u c e  
t h e  weak o s c i l l a t i o n s   t h a t   f o l l o w   t h e   o u t p u t   p u l s e .   F u t u r e   w o r k   o n   t h i s   s e n s o r  
m i g h t   a l s o   i n c l u d e   t h e   u s e   o f  a more d e t a i l e d   c i r c u i t  model   which  inc ludes  the 
mutual   inductance  between  the  two  sect ions  and  the  capaci tance  of   the  gaps. 

A n o t h e r   v a l i d a t i o n   o f   t h e   s e n s o r  and c a l i b r a t o r   p e r f o r m a n c e  i s  the  reason-  
a b l e  agreement  achieved  between  the  two  methods  used f o r   o b t a i n i n g   t h e   e q u i v -  
a l e n t   a r e a   ( s e n s i t i v i t y )   o f  each  sensor.   Calculat ions  f rom  sensor  geometry,  
and  measurements i n   t h e   c a l i b r a t o r   a g r e e   t o   w i t h i n   s e v e r a l   p e r c e n t .  Because 
t h e   a c c u r a c i e s   i n   t h e   c a l c u l a t i o n s   f o r   b o t h  methods are  approx imate ly   equal ,  
u s i n g   t h e   c a l i b r a t o r   i n   t h i s  way does n o t   c o n s t i t u t e  a c o n v e n t i o n a l   l a b o r a t o r y  
c a l i b r a t i o n ,   i n   w h i c h   t h e   s t a n d a r d   s h o u l d  be  an o r d e r   o f   m a g n i t u d e  more accura te  
than   t he   dev i ce   under   t es t .   A l though   ne i the r   me thod   can   se rve  as  an accura te  
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reference  for  the  other,  they do serve t o  validate each other and provide 
good values of sensor  equivalent  area. 

For the  sensors t h a t  have so f a r  been developed a t  Langley Research Center, 
the  geometric approach i s  the  preferred  technique. The transmission  line 
technique  should be used a s  the prime calibration  technique  if  sensors of more 
complex geometries are  required. 
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TABLE I.-D-DOT SENSORS 

I - ~ - ~ ~ ~  . .. . ” . _? 

Prototype  Designs 
“- F 

Cavity Depth Type o f  
cm ( inches )  D i e l e c t r i c  

17.6 ( 3 )   a i r  19 168 

10.2 ( 4 )  

10.2 ( 4 )  

a i r  

Scotch-Weld 2216 
( c l e a r )  

18 

25 

180 

129 

I n f i n i t e   c a v i t y   a i r  15 215 

AIRBORNE (F-106) DESIGN 

8 .3   (3 .25)  RTV 630 24 132 

~ . .  _ F ~ _ _ ~ _  

Fixed  
Dimensions 
cm ( inches)  

Plate  Diameter: 
21.6  (8.5) 

Cavity  Diameter: 
30.5  (12.0) 

S1 o t  w i d t h  : 
1.3 (0.5) 

Plate  Diameter: 
21.6  (8.5) 

Cavity  Diameter: 
33.0 (13) 

S l o t  w i d t h :  
1 .3   (0 .5)  
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I Type o f  Sensor  

Mu1 t i g a p   L o o p  

F l u s h - p l a t e   D i p o l e  

Outs ide   Moeb i  us Mutua l  
Induc tance  Loop 

TABLE 11.-SUMMARY OF SENSOR PARAMETERS 

Q u a n t i t y   M e a s u r e d  

B-dot  

D-dot  

I - d o t  

Max. E x p e c t e d   I n p u t  

2 x l o 4  T e s l a / s  

50 A/m2 

lo1’ A/s 

S e n s i t i v i t y 3   R i s e  Time (10%-90%) 

5.73 x 10 m 3.5 nsl -3  2 

4.09 x 10 m 2.4 n s 2  - 2  2 

2.13 x I O - ~ H  .23 ns3 

Notes:  lMeasured (10%-50% r i s e   t i m e   i s  0.5 n s )  

2Measured 

% a l c u l a t e d  



H 

H J1" H E H - MAGNETlC F I E L D  MEASUREMENT 
I - CURRENT  MEASUREMENT 
E - ELECTRIC FIELD MEASUREMENT 

Figure 1. - Preferred measurement locations. 

Figure 2.  - Measurement locations  for 1980. 
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Figure 3. - D-dot sensor mounted t o  the   ins ide   o f  F-106 fuselage  panel .  
Cavity  cover removed. 

D 

'C 
"OUT 

Figure 4. - D-dot sensor 
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a. C I R C U I T  

b. SOURCE  VOLTAGE 
FOR A STEP D 

D = D,u(t) 

c. OUTPUT VOLTAGE 
ADDO I v(t) 

" 

A DDO 
C 

RC 
v ( t )  = - e 

d. INTEGRATED  OUTPUT 
VOLTAGE 

RADDO 

Figure 5. - Summary o f  D-dot sensor  response t o  a s tep   e lec t r ic   f ie ld .  

h- LOAD 

Figure 6. - B-dot sensor mounted on F-106 fuselage  panel. 
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'OUT 

a. C I R C U  

v s ( t  

-r"-"-"" T"" 

?"" , I- - --. . 

I: B 
I I  

- 

'OUT 

Figure 7.  - B-dot  sensor. 

I T  c. OUTPUT VOLTAGE )m]:(t) L 
RABBO 

t 
Rt  

RA B L 
" 

v ( t )  = B 0 e 
L 

b. SOURCE  VOLTAGE 
FOR A STEP B 

d. INTEGRATED  OUTPUT 
VOLTAGE 

FiTure 8. - Summary of  B-dot sensor  response t o  a step magnetic f i e ld .  
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a = 4.42 cm (1.74 in .  
b = 3.30 cm (1.3Oin.l 
w = 1.83 cm (0.72 in .  l 

Figure 10. - I - d o t  sensor mounted inside F-106 radome. 



i- 

Figure ll. - Flat-plate  transmission  line  calibrator. 

//-x UPPER  PLATE 

r, ~ SfNSOR 
I 

Tee 

PULSE U i 
GENERATOR ATTENUATOR SAMPLING INTEGRATOR D I SPLAY 

OSCILLOSCOPE  OSCILLOSCOPE 

Figure 12. - Flat-plate  transmission  line  with  electronics  for  transient 
testing o f  sensors. 
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ul 
0 

100 OHM  TRANSMISSION LINE 

PULSE 0 
GENERATOR a SCOPE 

C 'SAMPLING 

~~~ . 

HEAVY GAUGE WIRES  AND 
SENSOR  OUTPUT  CABLES 

0 
DISPLAY INTEGRATOR 

SCOPE L, 0 - 

Figure 13. - Coaxial  transmission  line  with  I-dot  sensor  and  calibration 
electronics. 



Figure 14. - O u t p u t s  of  B-dot sensor .   Ver t ica l  200 rnV/div.;  hor izonta l  
500 ps/div.  Lower t r a c e  from f r o n t   s e c t i o n   o f   s e n s o r   ( i n v e r t e d ) .  
Upper t r a c e  from rea r   s ec t ion   o f   s enso r .  

Figure 15. - Tota l   ou tput   o f   B-dot   sensor   and   in tegra ted   to ta l   ouput .  
Horizontal  2 ns /d iv .  
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F i g u r e  16. - O u t p u t  o f  D - d o t   s e n s o r .   V e r t i c a l  100 mV/div. ;  
h o r i  z o n t a l  2 n s / d i   v .  

F i g u r e  17 .  - I n t e g r a t e d   o u t p u t   ( i n v e r t e d )  of  D-dot  sensor. V e r t i c a  I 
2 x 10-l' V - s / d i v . ;   h o r i z o n t a l  2 n s / d i v .  

152 



AIRBORNE L I G H T N I N G  CHARACTERIZATION 

Capt.   Robert  K.  Baum 

A i r  Fo rce   Wr igh t   Aeronau t i ca l   Labora to r i e s  

SUMMARY 

A WC-130 a i r c r a f t  w a s  i n s t rumen ted   w i th   w ideband   e l ec t romagne t i c   f i e ld  
senso r s   and   f l own   nea r  act ive t h u n d e r s t o r m s   t o   o b t a i n   d a t a   o n   t h e   c h a r a c t e r i s -  
t ics  o f   n e a r b y   a n d   d i r e c t   s t r i k e   l i g h t n i n g .  An e lec t r ic  f i e l d   g r o u n d   s t a t i o n  
and   t ime-of -ar r iva l   ne twork   provided  t i m e  c o r r e l a t e d   d a t a   t o   i d e n t i f y   t h e  
t h r e e   d i m e n s i o n a l   l o c a t i o n s  of t h e   d i s c h a r g e   a n d   t h e   d i f f e r e n t   e v e n t s   i n   t h e  
l i g h t n i n g   f l a s h .  A d e s c r i p t i o n   o f   t h e   s e n s o r s ,   c a l i b r a t i o n   p r o c e d u r e s ,   a n d  
recording  equipment  i s  p r e s e n t e d .  Data a re  p r e s e n t e d  on r e t u r n   s t r o k e   c h a r -  
a c t e r i s t i c s   i n   t h e  5 t o  50 km range .  A t  t h e  time of t h i s   w r i t i n g ,   d a t a   o n   t h e  
t h r e e   d i m e n s i o n a l   s o u r c e   l o c a t i o n s  a re  n o t   a v a i l a b l e   f o r   p u b l i c a t i o n .  

INTRODUCTION 

The p r e s e n t   i n t e r e s t   i n   h i g h   f r e q u e n c y   l i g h t n i n g   c h a r a c t e r i z a t i o n  stems 
i n   p a r t  from a c o n c e r n   o v e r   a n   i n c r e a s i n g   s u s c e p t i b i l i t y   o f   m o d e r n   a i r c r a f t   t o  
t h e   e l e c t r o m a g n e t i c a l l y   c o u p l e d   e f f e c t s   p r o d u c e d  by l i g h t n i n g .   A i r c r a f t   s u s -  
c e p t i b i l i t y  i s  e x p e c t e d   t o   i n c r e a s e   w i t h   t h e   u s e   o f   c o m p o s i t e  materials and 
more s u s c e p t i b l e   m i c r o e l e c t r o n i c s .  To compound trhe s u s c e p t i b i l i t y   p r o b l e m ,  
t h e   h i g h   f r e q u e n c y   n a t u r e   o f   t h e   l i g h t n i n g   e v e n t  i s  n o t   a s   y e t  w e l l  d e f i n e d .  
Fo r   example ,   t r ans i en t s   a r i s ing   f rom  the   p re -a t t achmen t   s t epped   l eade r   p rocess  
o r   n e a r b y   i n t e r s t r o k e   a n d   i n t r a c l o u d   p r o c e s s e s  may w e l l  b e   a s   i m p o r t a n t   f r o m  a 
c o u p l i n g   s t a n d p o i n t   a s   t h e   r e t u r n   s t r o k e   p h a s e   i t s e l f .  I t  i s  o f   i n c r e a s i n g  
impor t ance ,   t he re fo re ,  t o  o b t a i n  a more r e f ined   empi r i ca l   mode l  of t h e   o v e r a l l  
l igh tn ing   event   t aken   f rom  an   appropr ia te   base   o f   wideband  measurements .  

I n   1 9 7 9 ,   t h e  A i r  Force   Wright   Aeronaut ica l   Labora tor ies   began  a j o i n t  
f l i gh t   r e sea rch   p rog ram  wi th   t he   Na t iona l   Ocean ic   and   A tmospher i c   Admin i s t r a -  
t i o n   t o   o b t a i n   d a t a  on t h e   h i g h   f r e q u e n c y   c h a r a c t e r i s t i c s   o f   l i g h t n i n g .   O b j e c -  
t i v e s  of the  1979  phase  of   the  program were: 1) develop  a s e n s o r / i n s t r u m e n t a -  
t i o n   p a c k a g e   w i t h   l i n e a r   r e s p o n s e   a n d   r e c o r d i n g   c a p a b i l i t i e s   i n   t h e  0.1-20 MHz 
range ,  2 )  deve lop  a g round   s t a t ion   r eco rd ing   sys t em  capab le   o f   p rov id ing   t h ree  
d imens iona l   l oca t ions   o f   ve ry   h igh   f r equency  (VHF) l i g h t n i n g   a c t i v i t y   w i t h   a n  
accuracy   of  f 250 m on a 20  km r a d i u s ,   3 )   o b t a i n   w i d e b a n d   a i r b o r n e   d a t a   o n  
e l ec t r i c  a n d   m a g n e t i c   f i e l d   c h a r a c t e r i s t i c s   a s s o c i a t e d   w i t h   l i g h t n i n g   w i t h i n  a 
20 km range ,  4 )  ob ta in   and   compare   co r re spond ing   w ideband   a i r c ra f t   sk in   cu r ren t  
t r a n s i e n t s ,   a n d  5) cor re la te   g round  measurements  (VHF s o u r c e   l o c a t i o n   a n d  elec- 
tr ic f i e l d )   w i t h   t h e   a i r b o r n e   d a t a   t o   p e r m i t   f i e l d   s c a l i n g ,   c h a n n e l   r e c o n s t r u c -  
t i o n ,   a n d   i s o l a t i o n   o f   i m p o r t a n t   c o u p l i n g   e v e n t s .  

A t  t h i s   w r i t i n g ,   t h e   s o u r c e   l o c a t i o n   d a t a  were be ing   ana lyzed   and  
c o r r e l a t e d   w i t h   t h e   a i r b o r n e   d a t a .  A s h o r t   d e s c r i p t i o n  o f  t h e   g r o u n d   s t a t i o n  
a p p a r a t u s   a n d   t h e   a p p r o a c h   t o   b e   u s e d   t o   a n a l y z e   t h e   d a t a  is  p r e s e n t e d .  
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C o n s t r u c t i o n   a n d   c a l i b r a t i o n   o f   t h e   a i r b o r n e   s e n s o r s  is d e s c r i b e d   s i n c e   t h e y  
h a v e   n o t   b e e n   u s e d   i n   a n y   p r e v i o u s   p r o g r a m   o f   t h i s   t y p e .  

GROUND STATION  DESCRIPTION 

The g r o u n d   s t a t i o n  was s i t u a t e d  a t  Devil 's Garden ,   F lor ida .  It  c o n s i s t e d  
of two s e p a r a t e   s y s t e m s ,   o n e   t o   i d e n t i f y   t h e   d i s c h a r g e   p h a s e ,   t h e   o t h e r   t o  
d e t e r m i n e   t h e   t h r e e   d i m e n s i o n a l  VHF l i g h t n i n g   s o u r c e   l o c a t i o n s .  

P h a s e   I d e n t i f i c a t i o n  

The d i s c h a r g e   p h a s e  was i d e n t i f i e d   u s i n g  a low  f requency e l ec t r i c  f i e l d  
measuring  system similar t o   t h a t   d e s c r i b e d  by F i she r   and  Uman ( r e f .  1). Two 
p l a t e   a n t e n n a s   a n d   t h r e e   s e p a r a t e   r e c o r d i n g   c h a n n e l s  were u s e d   t o   a l l o w   l i n e a r  
s e n s i n g   o v e r   t h e  80 db   dynamic   range   in  e l ec t r i c  f i e l d   l e v e l s   e x p e c t e d   w i t h i n  
a 20 km r a d i u s   o f   t h e  s i te .  

VHF Source   Loca t ion  

The VHF s o u r c e   l o c a t i o n   s y s t e m  w a s  similar i n   c o n c e p t   t o   t h e   L i g h t n i n g  
Detect ion  and  Ranging (LDAR) s y s t e m   ( r e f .  2)  w i t h   m o d i f i c a t i o n s  a s  d e s c r i b e d  
by   Rus tan ( re f .  3 ) .  The   sys t em  used   p rov ides   con t inuous   sou rce   l oca t ion   da t a  
b a s e d   o n   d i f f e r e n c e s   i n  times of a r r iva l  (DTOA) o f   t h e   l i g h t n i n g   p u l s e s  a t  
w i d e l y   s e p a r a t e d   s t a t i o n s .   T h e   s y s t e m   c o n s i s t e d   o f   t h r e e   r e c o r d i n g   s t a t i o n s  
and a cen t ra l  s i t e  p o s i t i o n e d   i n  a Y c o n f i g u r a t i o n   o n  a 20 km r a d i u s .  Two 
b a c k u p   r e c o r d i n g   s t a t i o n s  were p laced   on   t he  same r a d i u s   t o   p r o v i d e   r e d u n d a n t  
da ta .   Antennas  a t  each s i t e  c o n s i s t e d   o f   f o u r   f o l d e d   d i p o l e s   o r i e n t e d   t o  
p r o v i d e   c i r c u l a r l y   p o l a r i z e d   o m n i d i r e c t i o n a l   r e s p o n s e .   T h e   a n t e n n a   o u t p u t s  
were passed   th rough a 6 MHz b a n d p a s s   f i l t e r   c e n t e r e d  a t  63 MHz.  An envelope 
d e t e c t o r   a n d  a l o g a r i t h m i c   a m p l i f i e r  were u s e d   t o   e f f e c t i v e l y   c o m p r e s s   f r e -  
quency   and   dynamic   range   of   the   s igna l   to   wi th in  limits o f   t h e   r e c o r d e r .  A 
c o m p l e t e   d e s c r i p t i o n   o f   t h e  time domain   r e l a t ionsh ip   be tween   t he   an tenna   ou t -  
p u t   a n d   t h e   r e c o r d e d   s i g n a l   h a s   b e e n   p u b l i s h e d   b y   R u s t a n   ( r e f .  3 ) .  

The processed VHF s i g n a l s   r e c e i v e d   a t   e a c h  s i t e  were recorded  on s e p a r a t e  
m o d i f i e d   v i d e o   r e c o r d e r s   ( i n   c o n t r a s t   t o   t h e  LDAR system  which re-transmits t h e  
s i g n a l s  t o  a c e n t r a l  s i t e ) .  The r e c o r d e r s  were t u n e d   t o  a commercial   broadcast  
s t a t ion   (Channe l   11 )   and  a no rma l   v ideo   r eco rd ing  w a s  made e x c e p t   t h a t   t h e  
luminance   po r t ion   o f   t he   compos i t e   v ideo   s igna l  w a s  r e p l a c e d   w i t h   t h e  VHF s i g n a l  
a n d   t h e   a u d i o   p o r t i o n   o f   t h e   s i g n a l  w a s  r e p l a c e d   w i t h  a demodulated I R I G  B time 
c o d e   t r a n s m i t t e d   f r o m   t h e  t e s t  a i r c r a f t   ( s e e   f i g .  1). The  recording  system was 
d e s i g n e d   t o   o p e r a t e   a u t o m a t i c a l l y  when t h e  transmitted I R I G  B c a r r i e r  was 
d e t e c t e d   f o r  a per iod  of 10 seconds.  

The Timing  System 

To p r o v i d e   t h e   r e q u i r e d   s o u r c e   l o c a t i o n   a c c u r a c y   o f  It 250 m,  t h e   d a t a   f r o m  
each   v ideo   r eco rde r   mus t   be  t i m e  c o r r e l a t e d   w i t h  a r e l a t ive  e r r o r   n o   g r e a t e r  
t h a n  f 0 . 1  us. This  was a c h i e v e d   u s i n g   t h e   t r a n s m i t t e d  I R T G  B as a c o a r s e  
a b s o l u t e  time r e f e r e n c e  (common t o  a l l  a i rbo rne   and   g round-based   da t a )   i n  com- 
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b i n a t i o n   w i t h   t h e  ver t ica l  and   ho r i zon ta l   sync   pu l se s   de t ec t ed   and   r eco rded  
f r o m   t h e   c o m p o s i t e   v i d e o   s i g n a l .  The ve r t i ca l  s y n c   p u l s e  (VSP) o c c u r s   e v e r y  
16.66 m s  and w a s  u s e d   t o   i d e n t i f y   t h e   b e g i n n i n g   o f   o n e   ' f r a m e '   o f   d a t a   f r o m  
one   o f   t he  two r o t a t i n g   v i d e o   r e c o r d   h e a d s .  The f i n e  t i m e  r e s o l u t i o n   w i t h i n  
a given  f rame w a s  d e r i v e d   f r o m   t h e   c h r o m a   r e f e r e n c e   s i g n a l  (CRS).  The CRS i s  
a 3.58 MHz s i g n a l   r e c o r d e d   f r o m   t h e   c o m p o s i t e   v i d e o   s i g n a l   b y   s e p a r a t i n g   a n d  
he terodyning   to   629  H z .  The  phase  of   the CRS is  advanced 90 d e g r e e s   b y   t h e  
o c c u r r e n c e   o f   t h e   b r o a d c a s t   h o r i z o n t a l   s y n c   p u l s e   e v e r y   6 5 . 1  us. By p a s s i n g  
t h e  CRS through a b a n d - r e j e c t   f i l t e r   c e n t e r e d  a t  629 kHz, t h e   p e r i o d i c   p h a s e  
s h i f t  is seen  on  playback as  a s h a r p   s p i k e   o c c u r r i n g   n o m i n a l l y   e v e r y   6 5 . 1  us. 
T h i s   s i g n a l  w a s  a l s o   u s e d   t o   c o r r e c t   t h e  VHF s i g n a l   f o r   m i n o r   f l u c t u a t i o n s   i n  
headwheel   and   caps tan   speed   inherent   in   the   recorders .   F igure  2 i l l u s t r a t e s  
t h e   v a r i o u s   t i m i n g   p u l s e s   r e p r o d u c e d   o r   d e r i v e d   f r o m   t h e   d a t a .   D a t a   f r o m   t h e  
VHF s t a t i o n s  were d i g i t i z e d   a n d  time c o r r e l a t e d   u s i n g   t h e   s i g n a l s   d e s c r i b e d .  
VHF s o u r c e   l o c a t i o n s  were t h e n   c a l c u l a t e d   f o r   s e l e c t e d   s h o r t   i n t e r v a l s   c o r r e s -  
p o n d i n g   t o   t h e   a i r b o r n e   r e c o r d i n g s   u s i n g   t h e   w a v e f o r m   c o r r e l a t i o n   t e c h n i q u e s  
developed by R u s t a n   ( r e f .  3 ) .  

AIRCRAFT DESCRIPTION 

Sensors  

The tes t  a i r c r a f t  was f i t t e d   w i t h  two s i n g l e   a x i s   s e n s o r s   t o   d e t e c t  f ree  
f i e l d   r a d i a t i o n   a n d  a s e n s o r   o n   e a c h   w i n g   t o   d e t e c t   i n d u c e d   s k i n   c u r r e n t s .  
The s e n s o r s  were p laced  as shown i n   f i g u r e  3 .  The f r e e   f i e l d   s e n s o r s  were 
p laced  on t h e  symmetry a x i s   o f   t h e   a i r c r a f t   ( f o r w a r d   u p p e r   f u s e l a g e )   t o   r e d u c e  
coup l ing   f rom  symmet r i c   r e sonances   on   t he   a i r c ra f t   sk in .  A l l  s e n s o r s  were 
des igned   t o   have  a usable   bandwidth  of  a t  l e a s t  20 MHz. 

The v e r t i c a l  component  of t h e   i n c i d e n t   e l e c t r i c   f i e l d   E ( t )  w a s  sensed  by 
a p a r a l l e l   p l a t e   d i p o l e  (PPD) p a t t e r n e d   a f t e r  a d e s i g n  by C .  Baum ( r e f .  4 ) .  
The s e n s o r   c o n s i s t e d   o f  a p a i r  of 0.2 m d i a m e t e r   c o n c e n t r i c  p l a t e s  mounted on 
o p p o s i t e   s i d e s   o f  a common ground  plane.  Each p l a t e  was l o a d e d   w i t h   a n  80 ohm 
r e s i s t i v e   r o d   i n  series w i t h  a 50 ohm cab le   ma tch ing   r e s i s t ance   wh ich   s e rved  
as t h e   s i g n a l   p i c k o f f   p o i n t .   T h i s   c o n f i g u r a t i o n   r e s u l t e d   i n  a balanced  100 
ohm d i f f e r e n t i a l   o u t p u t .  The sensor   assembly  w a s  e l eva ted   0 .25  m f rom  the  
f u s e l a g e   s u r f a c e   a n d   e n c l o s e d   i n  a p r o t e c t i v e   f i b e r g l a s s   f a i r i n g .   E q u i v a l e n t  
h e i g h t   o f   t h e   s e n s o r   ( h  ) was c a l c u l a t e d   t o  b e  0 .101 m. S e n s o r   c a p a c i t a n c e  
(C) as  de r ived   f rom  r e fggence  4 w a s  7 . 1  pF.  The e q u i v a l e n t   c i r c u i t   o f   t h e  
s e n s o r  i s  shown i n   f i g u r e  4 .  

The Cs parameter i n   f i g u r e  4 r e p r e s e n t s   t h e   t o t a l   s t r a y   a n d   d i s t r i b u t e d  
capac i t ance   wh ich  w a s  found  f rom  measurement   to   be  1 .5  pF. From f i g u r e  4 ,  
t h e   o u t p u t   v o l t a g e  of t h e   s e n s o r   c a n   b e   w r i t t e n   a s :  

where s i s  t h e   L a p l a c e   t r a n s f o r m   v a r i a b l e ,  is t h e   l o a d   r e s i s t a n c e ,  C is t h e  
s e n s o r   c a p a c i t a n c e ,   a n d  heq is  t h e   h e i g h t   o f   t h e   s e n s o r .   E q u a t i o n  
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1 is v a l i d   p r o v i d e d   t h a t :  

1 R << -- 
2nCsfmax 

and f < 1 
max 2rC (R+%) 

where  fmax i s  t h e   u p p e r   f r e q u e n c y  of i n t e r e s t .   W i t h   t h e   v a l u e s   g i v e n ,   t h e s e  
c o n d i t i o n s  are  s a t i s f i e d   f o r  f < 20 MHz. W i t h i n   t h i s   f r e q u e n c y   r a n g e ,   t h e  
s e n s o r   r e s p o n d s   t o   t h e  time rate o f  change   o f   t he  e l ec t r i c  f i e l d   w i t h  a s e n s i -  
t i v i t y   c o n s t a n t  KE g iven   by :  

S i n c e   t h e   e f f e c t s   o f   t h e   s e n s o r   m o u n t s   a n d   e n c l o s u r e  were n o t   e a s i l y  cal-  
c u l a t e d ,   t h e   e n t i r e   a p p a r a t u s  was t e s t e d   i n  a 50 ohm p a r a l l e l   p l a t e   t r a n s -  
m i s s i o n   l i n e   t o   d e r i v e  KE. A cont inuous  wave (CW) tes t  was per formed  us ing  a 
s i n u s o i d a l   s i g n a l   r a n g i n g   i n   f r e q u e n c y   f r o m  0 .1  t o   1 5  MHz as  i n p u t   t o   t h e  
t r a n s m i s s i o n   l i n e .  KE was t h e n   c a l c u l a t e d   f r o m   t h e   f o l l o w i n g  t i m e  domain 
e q u i v a l e n t   o f   e q u a t i o n  1: 

v 0 ( t )  = -R Ch - = -KE dt dE dE 
L eq d t  

F o r   s i n u s o i d a l   e x c i t a t i o n   i n   t h e   d e r i v a t i v e   b a n d   o f   t h e   s e n s o r ,   e q u a t i o n  4 can 
b e   w r i t t e n  as: 

v o ( t )  = -K E w A s i n   ( u t )  

where A is  t h e   p e a k   a m p l i t u d e  of t h e   i n p u t   s i n u s o i d   a n d  w i s  t h e   r a d i a n   f r e -  
quency. When peak   r ead ings  a r e  t a k e n ,   e q u a t i o n  5 c a n   b e   r e w r i t t e n  as: 

KE was found t o   b e  4.32  x 1O-I' V-s-m/V f r o m   t h e  CW t es t ,  and t h i s  w a s  t h e  
v a l u e   u s e d   i n   t h e   d a t a   a n a l y s i s .  

The i n c i d e n t   m a g n e t i c   f i e l d   s e n s o r   c o n s i s t e d   o f  a one   conductor   mul t i - tu rn  
l o o p   p a t t e r n e d   a f t e r  a des ign   by  C.  Baum ( r e f .  5 ) .  The s e n s o r  was a s p l i t  
coppe r   cy l inde r ,   0 .635  m i n   d i a m e t e r ,   w r a p p e d   w i t h   t r i a x i a l   c a b l e   t o   y i e l d   a n  
e f f e c t i v e  4 t u r n   l o o p   w i t h   a n   e q u i v a l e n t  area Aeq of   0 .051 m . Sensor   induc-  
tance   o f   0 .71  pH was found  f rom  tables   developed  by C .  Baum ( r e f .  5 ) .  From t h e  
e q u i v a l e n t   c i r c u i t  shown i n   f i g u r e   5 ,   t h e   s e n s o r   o u t p u t   v o l t a g e   i n   t h e   c o m p l e x  
frequency  domain i s  g iven   by :  

2 

Vo(s) = Aeq s B ( s )  
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provided that:  

RL >> Rs and < RL fmax __ 
2 ITL 

F o r   t h e   v a l u e s   g i v e n ,   t h e   s e l f - i n t e g r a t i n g   f r e q u e n c y   o f  the s e n s o r   ( R L / ~ T ~ L )  i s  
m a r g i n a l l y   g r e a t e r   t h a n  the 20 MHz l i m i t  of i n t e r e s t .  The s e n s i t i v i t y  con- 
s t a n t   f o r   t h e   s e n s o r  is  simply: 

Kg = Aeq 0.051 V-s/T ( 9 )  

T h i s   c o n s t a n t  w a s  v e r i f i e d   t o   w i t h i n  f 5% i n   t h e   p a r a l l e l   p l a t e   t r a n s m i s s i o n  
l i n e ,   u s i n g   t h e  CW tes t  t echn ique   desc r ibed  ea r l i e r .  

The two s k i n   c u r r e n t   s e n s o r s   e a c h   c o n s i s t e d   o f  a s h i e l d e d ,  two t u r n  
r ec t angu la r   ha l f   l oop   (0 .027  m h i g h ,  0.305 m long)   mounted   d i rec t ly   on  a remov- 
a b l e   a i r c r a f t   s k i n   p a n e l .   S e n s o r   o u t p u t  was   t aken   f rom  the   unders ide   o f   the  
p a n e l   i n t o  a s h o r t  100 ohm t w i n a x i a l   c a b l e .  From the   l oop   d imens ions ,   t he  
s e n s o r ' s   e q u i v a l e n t   a r e a  w a s  c a l c u l a t e d   t o   b e   0 . 0 1 6 5  m2.  The  approxiamte  loop 
inductance  was c a l c u l a t e d   t o   b e   2 . 7  VH f rom  ( r e f .  7) : 

L = n2po(b+d) [ loge [ a;;+d)] + 0.25] 

where n i s  t h e  number  of l o o p   t u r n s ,  b and d a r e   t h e   r e c t a n g l e   d i m e n s i o n s ,  a 
i s  t h e   s h i e l d   r a d i u s   a n d  po i s  t h e   f r e e   s p a c e   p e r m e a b i l i t y .  

From A m p e r e ' s  law  and  Faraday's l a w  o f   i n d u c t i o n ,   t h e   i n d u c e d   l o o p   v o l t -  
age a t  t h e   s e n s o r ;   o u t p u t   v i ( t )  i s  r e l a t e d   t o   t h e  time d e r i v a t i v e   o f   t h e   s u r f a c e  
c u r r e n t   d e n s i t y  Js on   the   pane l   by :  

where   the   assumpt ion  i s  made t h a t   n e g l i g i b l e   f l u x   p e n e t r a t e s   t h e   u n d e r s i d e   o f  
t he   pane l .  

The s e n s o r   e q u i v a l e n t   c i r c u i t  i s  i d e n t i c a l   t o   t h e   m a g n e t i c   f i e l d   c i r c u i t  
i n   f i g u r e  5 w i t h   t h e   v o l t a g e   V i ( t )   g i v e n  by  
f u n c t i o n   f o r   t h e   s e n s o r   ( a s s u m i n g  rs << RL) 

v o ( s )  = -KJJ(s) 

- 

e q u a t i o n  11. The L a p l a c e   t r a n s f e r  
i s  given  by:  

[ s + E,L ] 
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where : 

The c o n d i t i o n   ( f m x  << RL/27rL) f rom  equat ion  8 i s  n o t  m e t  as was t h e  case 
w i t h   t h e   m a g n e t i c   f i e l d   s e n s o r ,   h e n c e   t h e  'S + RL/L' term m u s t   b e   r e t a i n e d   i n  
equa t ion   12 .  The r e s u l t i n g  time domain r e l a t i o n   b e t w e e n   t h e   s e n s o r   o u t p u t   a n d  
t h e   s u r f a c e   c u r r e n t   d e n s i t y  i s  t h e r e f o r e :  

U s i n g   t h i s   r e l a t i o n ,   t h e  KJ parameter  was v e r i f i e d   w i t h i n  5%  from a CW t e s t  
s i m i l a r   t o   t h e   o n e   a l r e a d y   d e s c r i b e d   f o r   t h e   e l e c t r i c   f i e l d   s e n s o r .  

The t r a n s i e n t   r e s p o n s e   c h a r a c t e r i s t i c s   o f   t h e   s e n s o r s  were v e r i f i e d   i n   t h e  
50 ohm p a r a l l e l   p l a t e   t r a n s m i s s i o n   l i n e   u s i n g  a 1 3 . 5  V ,  1 2   n s  r ise s t e p  as  t h e  
i n p u t .   F i g u r e  6 shows t h e  s t e p  i npu t   and   t he   co r re spond ing   r e sponse   o f   each  of  
t h e   s e n s o r s .  The f r e q u e n c y   r e s p o n s e   p l o t s  shown i n   f i g u r e  6 were de r ived   by  
c o m p u t i n g   t h e   l o g   m a g n i t u d e   o f   t h e   F o u r i e r   t r a n s f o r m   o f   t h e   d e r i v a t i v e   o f   e a c h  
s e n s o r   o u t p u t   ( a   v a l i d   t e c h n i q u e   a s   l o n g  as  t h e   e x c i t a t i o n   f u n c t i o n  i s  a good 
s t ep   approx ima t ion ;  i . e .  t < 1 5   n s   f o r  20 MHz). r -  

Recording  Equipment 

Each   sensor   ou tput  w a s  r o u t e d  v i a  a s h o r t   t w i n a x i a l   c a b l e   t o  a s h i e l d e d ,  
b a t t e r y - o p e r a t e d   f i b e r   o p t i c   l i n k   w h i c h   i n   t u r n  w a s   c o n n e c t e d   t o   p a r a l l e l   d i g i -  
t a l  and   ana log   record ing   sys tems.  The d i g i t a l   r e c o r d i n g   s y s t e m   c o n s i s t e d   o f  
four   Biomation 8100 d i g i t a l   t r a n s i e n t   r e c o r d e r s   w h i c h   p r o v i d e d   t h r e s h o l d   t r i g g e r -  
ed r e c o r d s  (2048 samples ,  10 n s   s a m p l e   i n t e r v a l )   o f   e a c h   s e n s o r   o u t p u t .  The 
d i g i t a l   r e c o r d s ,   t o g e t h e r   w i t h   t h e   a c q u i s i t i o n  time and a i r c r a f t   p o s i t i o n ,  were 
s t o r e d   o n   f l e x i b l e   d i s k .  The   ana log   r eco rd ing   sys t em was a mul t i - channe l   ana log  
r e c o r d e r   w i t h  a bandwidth  of  400 Hz t o   150  kHz. The con t inuous   ana log   r eco rd  
was r e q u i r e d   t o   i d e n t i f y   t h e   p a r t i c u l a r   e v e n t  i n  t h e   d i s c h a r g e   p r o c e s s   w h i c h  
t r i g g e r e d   t h e   d i g i t a l   s y s t e m .  

The i n s t r u m e n t a t i o n  was p r o t e c t e d   f r o m   i n t e r n a l   t r a n s i e n t s  and  power  supply 
s u r g e s   t h r o u g h   t h e   u s e   o f  metal e n c l o s u r e s ,   s o l i d - s t a t e   t r a n s i e n t   s u p p r e s s o r s  
a n d   p o w e r   s u p p l y   i s o l a t i o n   f i l t e r s .  A b lock   d i ag ram  o f   t he   i n s t rumen ta t ion  i s  
shown i n   f i g u r e  7 .  

Timing 

The time r e f e r e n c e   f o r   t h e   e n t i r e   r e c o r d i n g   s y s t e m  was   t aken   f rom  the  I R I G  
B time code   gene ra t ed   on -boa rd   t he   a i r c ra f t .  The time code  was a l s o   t r a n s m i t t e d  
t o   t h e   v a r i o u s   g r o u n d  s i tes  t o   p e r m i t  time c o r r e l a t i o n   b e t w e e n   t h e   a i r   a n d  
g round   da t a .   Reso lu t ion   o f   t he  I R I G  B time c o d e ,   t y p i c a l l y   l i m i t e d   t o  f 0.5 m s  

158 



w i l l  be   improved   to  f 10 us u s i n g   c o r r e l a t i o n   t e c h n i q u e s  on the   code   waveform 
a f t e r   c o r r e c t i o n   f o r   p r o p a g a t i o n   d e l a y s .  

PROCEDURE 

P r i o r   t o   e a c h   f l i g h t ,   f u n c t i o n a l  tests were performed  with small loop   and  
d i p o l e   a n t e n n a s   d r i v e n   b y  a s i g n a l   g e n e r a t o r   t o   i n s u r e   i n t e g r i t y   o f   t h e   s e n s o r ,  
o p t i c   s y s t e m ,   a n d   r e c o r d e r s .   S e n s o r   o u t p u t s  were s to red   and   compared   da i ly   fo r  
a n y   s i g n i f i c a n t   v a r i a t i o n   i n   s i g n a l   a m p l i t u d e   o r   r e s p o n s e   c h a r a c t e r i s t i c s .  
Every two weeks ,   s enso r   cab l ing  w a s  d i sconnec ted   and  a s i g n a l   i n j e c t e d   d i r e c t l y  
i n t o   t h e   f i b e r   o p t i c   t r a n s m i t t e r   t o   i n s u r e   t h a t   t h e   c a b l e   i n s e r t i o n   l o s s e s  re- 
mained   approximate ly   cons tan t .   Analog   tapes  were s t r i p p e d   a n d   d e g a u s s e d   b e f o r e  
e a c h   f l i g h t .  

F l i g h t s  were t y p i c a l l y  two h o u r s   i n   d u r a t i o n   a n d  were t a k e n   i n   t h e   e a r l y  
a f t e r n o o n  when s t o r m   a c t i v i t y  was v e r i f i e d   o v e r   t h e   g r o u n d  s i t e .  The a i r c r a f t  
was f l o w n   i n  a 40 km c l o c k w i s e   r e c t a n g u l a r   p a t t e r n   a r o u n d   t h e   c e n t r a l  s i t e  a t  
a n o m i n a l   a l t i t u d e   o f  4 km. The a i r c r a f t  was r e s t r i c t e d   f r o m   p e n e t r a t i o n s   i n t o  
d e v e l o p e d   s t o r m   c e l l s   a l t h o u g h  many f l i g h t s  were t a k e n   i n t o   h e a v y   p r e c i p i t a t i o n  
areas s u r r o u n d i n g   t h e   c e l l  area. 

Data f r o m   t h e   d i g i t a l  s y s t e m  were s t o r e d   o n l y  when a r e t u r n   s t r o k e  w a s  
v i s u a l l y   v e r i f i e d  by o n e   o f   t h e   a i r c r a f t   o b s e r v e r s   o r  when a d i r e c t   s t r i k e  
appea red   t o   have   occu r red .  When a n e a r b y   s t r i k e  w a s  obse rved ,   t he   app rox ima te  
range   and   az imuth  were n o t e d   f o r  l a te r  v e r i f i c a t i o n   o f   p o s i t i o n   d a t a .  

RESULTS 

Data were obta ined   f rom 7 f l i g h t s   i n   t h e   i m m e d i a t e   v i c i n i t y   o f   t h e   g r o u n d  
s t a t i o n   d u r i n g   t h e   p e r i o d   f r o m  1 7  Augus t   to  28 September 1 9 7 9 .  Data from 43 
v i s u a l l y   v e r i f i e d   c l o u d - g r o u n d   r e t u r n   s t r o k e s  were r e c o r d e d   o n   t h e   a i r b o r n e  
a n a l o g l d i g i t a l   s y s t e m   a n d   o n   t h e  V H F  s o u r c e   l o c a t i o n   s y s t e m .  Data from  the  low 
f r e q u e n c y   e l e c t r i c   f i e l d   a n t e n n a  s i t e  were n o t   u s a b l e   t h i s  year d u e   t o   o p e r a t i o n  
d i f f i c u l t i e s .  I t  is a n t i c i p a t e d   t h a t   p h a s e   i d e n t i f i c a t i o n   c a n  s t i l l  b e  accomp- 
l i s h e d   f r o m   t h e   l o w   f r e q u e n c y   a i r b o r n e   d a t a .  Data were a l s o   r e c o r d e d   o n  two 
s e p a r a t e   e v e n t s   b e l i e v e d   t o   h a v e   o c c u r r e d   i m m e d i a t e l y   p r i o r   t o   d i r e c t   a i r c r a f t  
s t r i k e s .  The d i r e c t   s t r i k e   a s s u m p t i o n  w a s  v e r i f i e d   b y   p i l o t   r e p o r t   a n d   a t t a c h -  
men t   ev idence   on   t he   a i r c ra f t   r adome .  A t  t h i s  time however ,   t he   ac tua l   phase  
o f   t h e   d i s c h a r g e   w h i c h  was recorded i s  n o t  known. To d a t e ,   t h e   o n l y   d a t a  
a n a l y z e d   i n   d e t a i l  a r e  t h e   h i g h   f r e q u e n c y   a i r b o r n e   r e c o r d i n g s .  The f o l l o w i n g  
r e s u l t s  are t h e r e f o r e   p r e s e n t e d   w i t h o u t   b e n e f i t   o f   p h a s e   i d e n t i f i c a t i o n   o r  
a c c u r a t e   s o u r c e   l o c a t i o n .  

The h i g h   f r e q u e n c y   r e c o r d i n g s  were g r o u p e d   i n t o   t h r e e   g e n e r a l   c a t e g o r i e s :  
f i r s t   r e t u r n   s t r o k e ,   s u b s e q u e n t   r e t u r n   s t r o k e s ,   a n d   u n i d e n t i f i e d .  The l a s t  
c a t e g o r y  arises f r o m   t h e   s u b s t a n t i a l  number  of  waveform  which were o f   t h e  same 
approximate   peak   ampl i tude  as t h e   r e t u r n   s t r o k e   d a t a   b u t  were i s o l a t e d   a n d  
i m p u l s e - l i k e   w i t h   t o t a l   d u r a t i o n  times o n   t h e   o r d e r   o f  100-200  ns  and w e r e  
d e v o i d   o f   a n y   o f   t h e   c l a s s i c   r e t u r n   s t r o k e   w a v e s h a p e   c h a r a c t e r i s t i c s .  
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F i r s t  And S u b s e q u e n t   S t r o k e   C h a r a c t e r i s t i c s  

The r e tu rn   s t roke   wave fo rms  were c l a s s i f i e d  a s  f i rs t  or   subsequent   based  
o n   t h e   c h a r a c t e r i s t i c s   d i s c u s s e d   b y  Weidman a n d   K r i d e r   ( r e f .   8 ) .   F i g u r e  8 
shows t y p i c a l   f i r s t  a n d   s u b s e q u e n t   r e t u r n   s t r o k e  e lec t r ic  f i e ld   wave fo rms  
t aken   f rom  the   da t a .  The f i r s t   s t r o k e  is c h a r a c t e r i z e d  by a s l o w l y   r i s i n g  
(1 t o  3 us) c o n c a v e   f r o n t   ( F   i n   f i g .   8 a )   s o m e t i m e s   f o l l o w e d   b y   a n   a b r u p t   f a s t  
t r a n s i t i o n   t o   p e a k   p o r t i o n  (R i n   f i g .   8 a )   l a s t i n g   o n   t h e   o r d e r   o f  100-700  ns. 
S u b s e q u e n t   s t r o k e s   a r e   f u r t h e r   c h a r a c t e r i z e d  by the   absence   o f  a s l o w   f r o n t  
p o r t i o n   a n d   t h e   r e l a t i v e l y   s m o o t h   a n d   s t r u c t u r e l e s s   s u b s i d i a r y   p e a k s   ( a , b , c   i n  
f i g .   8 b )  compared t o   t h o s e   o f   t h e   f i r s t   s t r o k e s .  

F r o n t  And F a s t   T r a n s i t i o n  T i m e s  

The 10-90% rise t i m e  was c a l c u l a t e d   f o r   t h e   f a s t   t r a n s i t i o n   p o r t i o n  (R) 
of t h e   f i r s t   s t r o k e   w a v e f o r m s .   A v e r a g e  R f o r  22 waveforms w a s  390 ns. For 
c o m p a r i s o n ,   t h e   a v e r a g e   f r o n t   p l u s   f a s t   t r a n s i t i o n  time (FfR) was found  to   be  
2.2 us. Relative d i s t r i b u t i o n s   o f   t h e  two rise times a re  shown i n   f i g u r e  9.  
Based  on t h e   c r i t e r i a   d e s c r i b e d  ear l ier ,  f o u r   e l e c t r i c   f i e l d   w a v e f o r m s  were 
c l a s s i f i e d   a s   s u b s e q u e n t   s t r o k e s .   A v e r a g e  10-90% f a s t   t r a n s i t i o n  time f o r  
t h e s e   s t r o k e s  w a s  550 ns .  The peak e l ec t r i c  and   magne t i c   f i e ld  levels record-  
ed ranged   f rom  13   to   146  V/m and  0 .017  to   0 .145 A / m  r e s p e c t i v e l y ,   i n d i c a t i n g  
a n   a p p r o x i m a t e   d i s t a n c e   f r o m   t h e   a i r c r a f t   o f  5 t o  50 km ( r e f  9 ) .  

The a v e r a g e   f a s t   t r a n s i t i o n  time q u o t e d   f o r   b o t h   f i r s t   a n d   s u b s e q u e n t  
r e t u r n   s t r o k e s  are approximate ly  two times s lower   t han   t hose   r epor t ed   by  
Weidman a n d   K r i d e r   ( r e f .  8 ) .  The d i s c r e p a n c y  i s  p r o b a b l y   d u e   t o  several 
f a c t o r s .   F i r s t ,   t h e  50 n s   r e s o l u t i o n  claimed f o r   d i r e c t   i n t e r p r e t a t i o n  o f  
o s c i l l o s c o p e   p h o t o g r a p h s  may b e   i n   e r r o r   s i n c e   t h i s   t r a n s l a t e s   t o  a h o r i z o n t a l  
a x i s   d i s t a n c e   o f   o n l y   0 . 2 5  mm assuming a 10 cm scope  face  and  20 us sweep. 
The rise times i n   t h i s   r e p o r t  were compute r   ca l cu la t ed   f rom  the   d ig i t i zed  re- 
cord  and  have a maximum r e s o l u t i o n  of two times t h e   s a m p l e   i n t e r v a l ,   o r   a p p r o x -  
i m a t e l y  20 ns   on a 20 us r eco rd .   Second ,   t he  r ise times i n   t h i s   r e p o r t  were 
n o t   c o r r e c t e d   f o r   t h e  HF propagat ion   losses   over   l and   which   was   no t  a f a c t o r  
i n  Weidman a n d   K r i d e r ' s  data s i n c e   t h e   p r o p a g a t i o n  was over  s a l t  water .   Thi rd ,  
and   probably   mos t   impor tan t ly ,   no   s tandard   method  ex is t s   for   def in ing   the  
beginning  of t h e  F and R waveform t r a n s i t i o n   p o i n t s .  

Rise Time C a l c u l a t i o n   P r o c e d u r e  

In t h i s   p a p e r ,  a c o n s i s t e n t  method w a s  a d o p t e d   i n   w h i c h   t h e  F and R p o i n t s  
were d e f i n e d  by t h e   i n t e r s e c t i o n   p o i n t  of two s t r a i g h t   l i n e s  whose s l o p e s  were 
g i v e n   b y   t h e   b e s t   f i t   s t r a i g h t   l i n e   t h r o u g h  two waveform  segments  chosen well 
away f rom  the   wave fo rm  t r ans i t i on  areas. F i g u r e  10 i l l u s t r a t e s   t h e  method 
u s i n g  a f i r s t   s t r o k e  waveform  where  the F and R p o i n t s ' a r e  marked  by t r i a n g l e s  
and t h e   c o r r e s p o n d i n g   b e s t   f i t   l i n e s  a re  shown d a s h e d .   I n   t h e   d a t a   p r e s e n t e d ,  
t h e   b e s t   f i t   l i n e s  were compute r   ca l cu la t ed   u s ing   t he   me thod   o f  l eas t  s q u a r e s  
b u t  a graphic   approximat ion   would   be   adequate   in   mos t  cases. 
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Rise T i m e s  and  Aperture   Coupl ing 

From a s t andpo in t   o f   deve lop ing  a good m o d e l   o f   t h e   a i r c r a f t / l i g h t n i n g  
i n t e r a c t i o n ,  a t   l eas t  d u r i n g   t h e   d i r e c t   a t t a c h m e n t   r e t u r n   s t r o k e   p h a s e ,   t h e  
i m p o r t a n c e   o f   a c c u r a t e   r a d i a t i o n   f i e l d  rise t i m e s  cannot   be  overemphasized.  
A s  ev idence  of t h i s ,   c o n s i d e r   t h e   a b o v e   g r o u n d   f i e l d   e q u a t i o n s   d e v e l o p e d   b y  
Uman e t  a l .  ( r e f  lo), w h i c h   d e s c r i b e s   t h e  t i m e  d e r i v a t i v e  of the   magne t i c  
f i e l d   d B ( t ) / d t  a t  a n   a l t i t u d e   z ,   s l a n t   r a n g e  R,  a n d   h o r i z o n t a l   r a n g e  r from 
t h e   i d e a l i z e d   r e t u r n   s t r o k e :  

where v ( t )  is t h e   v e r t i c a l   s t r o k e   v e l o c i t y   ( a s s u m e d   c o n s t a n t ) ,  c is t h e   s p e e d  
of l i g h t   a n d  Z i s  t h e   d i p o l e   h e i g h t   a b o v e   t h e   g r o u n d   p l a n e .  The image term i s  
given by s u b s t i t u t i n g   t h e   i m a g e   s l a n t   r a n g e  RI and  image   he ight  -ZI f o r  R and 
2 r e s p e c t i v e l y   i n t o   t h e   f i r s t   t e r m   i n   e q u a t i o n   1 6 .   I f  r > 3 ( z I  + z ) ,  t h e  
image term c o n t r i b u t i o n  i s  a p p r o x i m a t e l y   e q u a l   t o   t h e   s o u r c e  term, and   t he  
Lap lace   t r ans fo rm  o f   equa t ion  1 5  ( o m i t t i n g   t h e   p h a s e   d e l a y  term d u e   t o   t h e  
r e t a r d e d  t i m e )  is: 

I(s)  -N - 
B ( s )  [ ] s + clr  

From e q u a t i o n  16 ,  i t  i s  a p p a r e n t   t h a t   t h e   r e t u r n   s t r o k e   c u r r e n t  i s  approxi -  
m a t e l y   p r o p o r t i o n a l   t o   t h e   r a d i a t i o n   c o m p o n e n t   o f   t h e   m a g n e t i c   f i e l d   p r o v i d e d :  

R - > 3(ZI 

where  fmin i s  t h e  minimum 

Now c o n s i d e r   f u r t h e r  
a l i g h t n i n g .   A f t e r   e n t r y  
d i s c o n t i n u i t i e s   c a u s e d   b y  

and 

f r e q u e n c y   o f   i n t e r e s t .  

t h e   a i r c r a f t   i n v o l v e d   i n   t h e   r e t u r n   s t r o k e   p h a s e  of 
and e x i t   p o i n t s   h a v e   b e e n   e s t a b l i s h e d ,   t h e   c h a n n e l  
t h e   a i r c r a f t  are  small a n d   t h e   r e t u r n   s t r o k e   c u r r e n t  

p a s s e s   t h r o u g h   t h e   a i r c r a f t   e s s e n t i a l l y   u n p e r t e r b e d .  The r e t u r n   s t r o k e   c u r r e n t  
i ( t )   r e s u l t s   i n   a n   a v e r a g e   m a g n e t i c   f i e l d   t a n g e n t i a l   t o  a s m a l l   a p e r t u r e   a n d   a n  
e l e c t r i c   f i e l d   n o r m a l   t o   t h e   a p e r t u r e   g i v e n   b y :  

where rGve is t h e   a v e r a g e   e q u i v a l e n t   r a d i u s   o f   t h e   p r i n c i p a l   c o n d u c t i n g   e l e m e n t  
( i . e .   w m g ,   f u s e l a g e ) ,   p ( t )  is t h e  time v a r y i n g   c h a r g e   d e n s i t y ,   a n d  c0 i s  t h e  
p e r m i t t i v i t y   o f   a i r .  A s  d i s c u s s e d  by Cabayan   ( re f .  l.l), t h e   f i e l d s   i n t e r i o r   t o  
t h e   a p e r t u r e  are  p r o p o r t i o n a l   t o   t h e   e x t e r i o r   f i e l d s  as fo l lows:  
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w h e r e   t h e   p r i m e d   q u a n t i t i e s   r e f e r   t o   t h e   i n t e r i o r   f i e l d s   a n d  R i s  t h e   d i s t a n c e  
away f r o m   t h e   a p e r t u r e  a s  shown i n   f i g u r e  11. Thus ,   t he   ape r tu re   coup led  
f i e l d s   o n   t h e   a i r c r a f t  are  d e p e n d e n t   n o t   o n l y   o n   t h e   s t r o k e   c u r r e n t   b u t   a l s o  
on i t s  f i r s t  a n d   s e c o n d   d e r i v a t i v e s ,   a n d   t h e   i m p o r t a n c e   o f   a c c u r a t e   r e t u r n  
s t r o k e  rise t i m e  d e f i n i t i o n  becomes  evident .  Of c o u r s e ,   t h e  rise time c a n   o n l y  
b e   u s e d   t o   c a l c u l a t e   a n   a v e r a g e   d e r i v a t i v e .  To t h e   e x t e n t   t h a t   t h e   r e t u r n  
s t r o k e   a v e r a g e   d e r i v a t i v e  varies from i t s  t r u e   i n s t a n t a n e o u s   d e r i v a t i v e ,   t h e  
e x p e c t e d   a p e r t u r e   c o u p l e d   f i e l d s  w i l l  b e   i n   e r r o r .   T h u s   f r o m  a coup l ing   s t and-  
p o i n t ,   t h e  b e s t  rise time c a l c u l a t i o n  i s  t h a t   w h i c h   p r o v i d e s   d e r i v a t i v e s   a g r e e -  
i n g   m o s t   c l o s e l y   w i t h   t h e   i n s t a n t a n e o u s   d e r i v a t i v e .  

Peak   and   Average   Der iva t ives  

A comparison was made b e t w e e n   t h e   p e a k   i n s t a n t a n e o u s   d e r i v a t i v e  (Dp) 
t a k e n   f r o m   t h e   u n i n t e g r a t e d   r e c o r d   a n d   t h e   a v e r a g e   d e r i v a t i v e s   c a l c u l a t e d   f r o m  
t h e  F+R i n t e r v a l s  (DF+R) and  the R i n t e r v a l   o n l y  (DR) t a k e n   f r o m   t h e   i n t e g r a t e d  
i n i t i a l   s t r o k e   r e c o r d .  From a 15 waveform  sample,   the   fol lowing  average 
r e s u l t s  were o b t a i n e d :  

D = 7 . 9  DF+R and  2.3 DR (20) 
P 

These   ave rages   ag ree  w e l l  w i t h   t h e  work  of Weidman and K r i d e r  ( r e f .  8) who 
estimated p e a k   d e r i v a t i v e   v a l u e s  3 t o  10 times f a s t e r   t h a n   t h o s e   i n f e r r e d  by 
s t r a i g h t   l i n e   a p p r o x i m a t i o n .  The d i s t r i b u t i o n   o f  Dp taken  from 2 3  u n i n t e g r a t e d  
e l e c t r i c   f i e l d   r e c o r d s  i s  shown i n   f i g u r e  1 2  where   the   va lues   have   been   normal -  
i z e d   t o  100 km. ( r e f .   l a ) .   A g a i n ,   t h e   a v e r a g e  Dp of  20.3 V/m-ps a t  100 km are  
i n   v e r y   c l o s e   a g r e e m e n t   w i t h   t h e  estimates by Weidman a n d   K r i d e r   ( r e f .  8 ) .  The 
f a s t   t r a n s i t i o n   d e r i v a t i v e  DR is e v i d e n t l y  a r e a s o n a b l e   a p p r o x i m a t i o n   t o   t h e  
p e a k   d e r i v a t i v e   w h i l e   t h e  DF+R d e r i v a t i v e  i s  d e f i n i t e l y   n o t   s u i t a b l e   f o r   a c c u -  
ra te  e s t i m a t i o n   o f   t h e   p e a k   r e t u r n   s t r o k e   d e r i v a t i v e .  

Peak   Re tu rn   S t roke   Der iva t ives  

G i v e n   t h e   a v e r a g e   o b s e r v a t i o n   d i s t a n c e  of 20 km a n d   t h e   s h o r t   r e c o r d  
l e n g t h   o f  20 us, t h e   c o n d i t i o n s   g i v e n   i n   e q u a t i o n  1 7  were s a t i s f i e d   f o r   t h e  
d a t a   o b t a i n e d ,   a n d   t h e  Dp v a l u e s  were u s e d   t o   i n f e r   p e a k   r e t u r n   s t r o k e   c u r r e n t  
d e r i v a t i v e s   f r o m   t h e  t i m e  domain   equiva len t  of e q u a t i o n  1 6 :  

d i ( t )  - 2m-c 
d t  v z  

0 
where Zo is t h e   f r e e   s p a c e   i m p e d a n c e  ( 3 7 7  ohms) ,   and   t he   quan t i ty  (1 /po  x B ( s )  
h a s   b e e n   r e p l a c e d   i n   e q u a t i o n  1 6  w i t h   t h e   r a d i a t i o n   f i e l d   e q u i v a l e n t  term 
( l / Z o  x E ( s ) )  . I f   t h e   r e t u r n   s t r o k e   v e l o c i t y   v ( t )  i s  assumed  constant  a t  1x108 
m / s  (Uman, r e f .  l o ) ,  t h e   p e a k   r e t u r n   s t r o k e   d e r i v a t i v e   i n f e r r e d   f r o m   e q u a t i o n  
21  ranged  from  30  to 150 kA/ps w i t h   a n   a v e r a g e   v a l u e   o f  100 kA/us. 

U n i d e n t i f i e d  Waveforms 

A s  mentioned ear l ie r ,  a s u b s t a n t i a l  number  of  waveforms were recorded  
w h i c h   c o u l d   n o t   b e   i d e n t i f i e d  as r e t u r n   s t r o k e   f i e l d s .   S i n c e   t h e   p r o c e d u r e  was 
adop ted   t o  save o n l y   t h o s e   d a t a   r e s u l t i n g   f r o m   v i s u a l l y   v e r i f i e d   d i s c h a r g e s ,  i t  
must b e  assumed tha t   t hese   wave fo rms  were a s s o c i a t e d   w i t h   t h e   r e t u r n   s t r o k e  
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process .  From t h e   i s o l a t e d   p u l s e - l i k e   n a t u r e   o f   t h e   d a t a ,   o n e   c o u l d   f u r t h e r  
a s sume   t he   da t a  are a s s o c i a t e d   w i t h   t h e   p r e l i m i n a r y   l e a d e r   f o r m a t i o n   a l t h o u g h  
t h i s   a s s u m p t i o n   c a n n o t   p r e s e n t l y   b e   v e r i f i e d .  

The p u l s e   a m p l i t u d e s  w e r e  i n  the same r a n g e  as those   found i n  the r e t u r n  
s t r o k e   d a t a  (10-100 V/m) b u t  were cha rac t e r i zed   by   h igh   f r equency   con ten t   and  
p u l s e  rise times ranging   f rom 300 n s   t o  50 n s   ( o r   l e s s ) .   F i g u r e  13 i l l u s t r a t e s  
a complete  set o f   t y p i c a l   p u l s e   w a v e f o r m s   t a k e n   f r o m   t h e   f r e e   f i e l d   a n d   s k i n  
c u r r e n t   s e n s o r s .  A more c o m p l e t e   a n a l y s i s   o f   t h e   s k i n   c u r r e n t s   a n d   p u l s e   d a t a  
w i l l  b e  made  when p h a s e   a n d   s o u r c e   l o c a t i o n   d a t a  are  a v a i l a b l e .  

CONCLUSIONS 

The a v e r a g e   f r o n t   p l u s   f a s t   t r a n s i t i o n  10-90% rise t i m e  f o r  22 i n i t i a l  
s t r o k e s  was found  to   be   2 .2  us. The  average  10-90% rise time f o r   t h e   f a s t  
t r a n s i t i o n   p o r t i o n   o n l y  w a s  390 ns.  The f a s t   t r a n s i t i o n  times were approx- 
i m a t e l y  two times s lower   than   those   repor ted   by  Weidman and  Krider .   Peak re- 
t u r n   s t r o k e   c u r r e n t   d e r i v a t i v e s  a re  i m p o r t a n t   i n   s i m u l a t i n g   a p e r t u r e   c o u p l e d  
f i e l d s   o n   t h e   a i r c r a f t .  The  peak e l ec t r i c  f i e l d   d e r i v a t i v e s   c a l c u l a t e d   f r o m  
t h e   i n i t i a l   s t r o k e   f a s t   t r a n s i t i o n  time averaged 2 . 3  times lower   than   the   peak  
d e r i v a t i v e s   t a k e n   d i r e c t l y   f r o m   t h e   u n i n t e g r a t e d   s e n s o r   o u t p u t .  The e lectr ic  
f i e l d   p e a k   d e r i v a t i v e s   a v e r a g e d   2 0 . 3  V / m - u s  when n o r m a l i z e d   t o  100 km; a v a l u e  
i n  good ag reemen t   w i th   e s t ima tes   o f  Weidman and K r i d e r .  The p e a k   r e t u r n   s t r o k e  
d e r i v a t i v e s   i n f e r r e d   f r o m   t h e   e l e c t r i c   f i e l d   d e r i v a t i v e s ,   a s s u m i n g   a n   a v e r a g e  
30 kA s t r ike ,   r anged   f rom  30   t o  150 kA/ps w i t h   a n   a v e r a g e   v a l u e   o f  100 kA/ps. 

U n i d e n t i f i e d   p u l s e s  were recorded  which  had  peak  magnitudes  of 10-100 V / m  
and r ise times ranging   f rom 300 n s   t o  50 n s   o r  less. The p u l s e s  a re  thought  
t o   b e   a s s o c i a t e d   w i t h   t h e   r e t u r n   s t r o k e  leader process .  The h igh   f requency  
c h a r a c t e r i s t i c s   o f   t h e   p u l s e s  may p r e s e n t  a s i g n i f i c a n t   c o u p l i n g   s o u r c e   t o   t h e  
a i r c r a f t  a n d   s h o u l d   b e   i n v e s t i g a t e d   f u r t h e r .  
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MAGNETIC TAPE LIGHTNING  CURRENT  DETECTORS 

Keith E. Crouch 
Lightning  Technologies,  Inc. 

W. Jafferis 
National  Aeronautics & Space  Administration 

SUMMARY 

Development  and  application  tests  of  a low cost, passive, 
peak  lightning  current  detector (LCD) found  it  to  provide 
measurements with accuracies  of * 5 %  to 210% depending on the 
readout  method  employed. The  LCD, which  was  invented  at  the 
National  Aeronautics  and  Space  Administration, John F. Kennedy 
Space  Center  (NASA-KSC),  uses  magnetic  audio  recording  tape  to 
sense  the  magnitude of the  peak  magnetic  field  around  a  conduc- 
tor  carrying  lightning  currents. The test results  showed  that 
the  length of audio  tape  erased  was  linearly  related to the 
peak  simulated  lightning  currents  in  a  round  conductor. 

Accuracies of +-lo% were shown  for  measurements made using 
a  stopwatch  readout  technique  to  determine  the  amount  of  tape 
erased  by  the  lightning  current. The stopwatch  technique  is  a 
simple, low cost  means of  obtaining  LCD  readouts  and  can  be  used 
in  the  field  to  obtain  immediate  results.  Where more accurate 
data are desired,  the  tape is  played  and  the  output  recorded on 
a  strip chart, oscilloscope, or  some  other  means so that  measure- 
ments  can be made on that  recording.  Conductor dimensions, tape 
holder  dimensions, and  tape  formulation  must also be considered 
to obtain  a more accurate  result. If the  shape of the  conductor 
is  other  than  circular (i.e. angle, channel, H-beam) an analysis 
of the  magnetic  field  is  required  to use an  LCD, especially  at 
low  current  levels. 

BACKGROUND 

To design  systems  that can survive  lightning strokes, a 
knowledge of the  magnitude of  those  lightning  strokes  must  be 
known. To quote  from  Lord  Kelvin ( 1 8 2 4 - 1 9 0 7 ) ,  "I often  say  that 
when you can measure  what you are speaking about, and  express 
it in numbers, you know something  about it; . . ." (ref. 1) 3ut 
since  lightning  strikes  occur  at  statiscically  governed  times 
and  places,  direct  measurements  by  ordinary means are not capable 
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of  providing  enough  data t o  s u i t a b l y   d e s c r i b e   t h e   s t a t i s t i c a l  
n a t u r e  of l ightning.  This  has  long  been  recognized  along  with 
the  need  for  inexpensive  recording  devices  with  which  to  measure 
l ightning  parameters  such as the   peak   cur ren t   ampl i tude   ( re f .  2) .  

The f i r s t  such  devices  used were magnetic  l inks  which were 
in t roduced   i n   t he   ea r ly  1 9 3 0 ' s .  These  devices are  small packages 
of  magnetic s tee l  pos i t i oned   nex t   t o  a conductor   tha t   car r ied  
l i g h t n i n g   c u r r e n t s   ( r e f .  3 ) .  The magnet ic   f ie ld   around  the  con-  
ductor  w i l l  magnet ize   the   s tee l   to   an   ex ten t   dependent  on t h e  
magnitude  of   the  current .  Comparing the  magnet ized  l ink  to   labo-  
ra tory  exposed  l inks  provides  a method  of  determining  the  peak 
c u r r e n t .  

The da ta   co l lec ted   us ing   these   magnet ic   l inks   p rovided  a 
l a r g e   p o r t i o n   o f   t h e   s t a t i s t i c a l   b a s e   f o r   p r e s e n t   e s t i m a t e s   o f  
t he   l i gh tn ing   peak   cu r ren t   d i s t r ibu t ions .  

Other,  more sophis t ica ted   sys tems  have   and   a re   p resent ly  
be ing   i n s t a l l ed  t o  ga ther  more d a t a  on l i g h t n i n g   ( r e f .  4 ) .  

This  paper  summarizes work done t o  c a l i b r a t e  and  develop 
a p p l i c a t i o n   t e c h n i q u e s   f o r - a  new, passive,   peak  l ightning  current  
de t ec to r  (LCD). The LCD developed by NASA-KSC w a s  r e p o r t e d   i n  
1976 ( r e f .  5) and  patented  in  1978 ( r e f .  6 ) .  The LCD cons i s t s   o f  
a length  of magnetic  audio  recording tape upon  which a r e fe rence  
continuous wave vol tage  s ignal   has   been  recorded.  When t h i s   t a p e  
i s  p l aced   i n   t he   magne t i c   f i e ld   nea r  a current   carrying  conductor ,  
t h a t   f i e l d  w i l l  change  the  magnetic  domains  on  the  tape. 

The magnet ic   in tens i ty  (H) o f   t he   f i e ld   a round  a conductor 
i s  p r o p o r t i o n a l   t o   r a d i a l   d i s t a n c e  (r)  a n d   c u r r e n t   ( i ) ;  

I f   t h e   t a p e  i s  pos i t i oned   a long   t he   r ad ia l   d i s t ance ,   t hen   t he  
length  of tape a f f e c t e d  w i l l  i n d i c a t e   t h e   c u r r e n t   c a r r i e d  by the  
conductor. The e a r l y  work has shown tha t ,   no t   on ly   does   the  
p r i n c i p l e  work ,   bu t   p rovides   reasonably   accura te   da ta   a t   re la -  
t i v e l y  low i n i t i a l   c o s t s .  

An LCD i s  n o t   f i e l d   ( c u r r e n t )   d i r e c t i o n   s e n s i t i v e ,   w h e r e a s  a 
magnetic  l ink  remains  magnetized  in  the  direction  of the impressed 
f i e l d .  Two success ive   s t rokes  of o p p o s i t e  p o l a r i t y  w i l l  l eave  a 
magnet izat ion  level  on the  magnet ic   l ink  which  bears  no r e l a t i o n -  
sh ip   to   e i ther   peak .   S ince   there  i s  no way a current   can  recon-  
s t r u c t   t h e   r e f e r e n c e   s i g n a l  on the  magnet ic   tape,  i t  w i l l  always 
ind ica te   the   h ighes t   peak   cur ren t .  
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APPLICATION OF LCD I S 

There are a v a r i e t y  of p o s s i b l e   a p p l i c a t i o n s  where t h e  LCD 
could  provide  useful   information  concerning  peak  l ightning cur- 
r en t s   i n   conduc to r s .  Data on l igh tn ing   cur ren t   magni tudes   in  
te lephone  cables ,   radio  broadcast   towers ,  p.ower t ransmission 
systems, o i l  w e l l  t owers ,   e t c . ,  would be   very   usefu l   in   eva lua-  
t i ng   t he   l i gh tn ing   p ro t ec t ion   des igns   fo r   t hese  systems.  

Figure 1 shows a typical   mounting  for   an LCD on a conductor.  
Figure 2 i s  a photo of an LCD using a c a s s e t t e  tape i n s t a l l e d   f o r  
c a l i b r a t i o n  tes ts  a t  Lightning  Technologies,   Inc.  The magnetic 
t a p e s   a r e   s t o r e d   i n   t h e   c a s s e t t e   h o l d e r   w i t h  a po r t ion   pu l l ed  
down ins ide   the   tube   on   the  tape c a r r i e r .  The c a r r i e r  i s  pos i -  
t ioned  so t h a t   t h e   f l a t   ( w i d t h )   o f   t h e  t a p e  i s  perpendicular   to  
the  plane  of   the  conductor .  The LCD i s  shown secured  to  a con- 
ductor by means of a p l a s t i c  mount and p l a s t i c  w i r e  t i e s .  Any 
convenient  method of mounting may be  used,  provided i t  holds   the  
t u b e   i n   t h e   d e s i r e d   l o c a t i o n  and o r i en ta t ion   and   con ta ins  no i r o n  
p a r t s   t h a t  would a f f ec t   t he   magne t i c   f i e lds   i n   t he   r eg ion  of t h e  
tape .  

-men  an LCD i s  i n s t a l l e d  where  more than  one  conductor i s  
present ,   magnet ic   f ie lds   f rom  the  other   conductors  w i l l  a f f e c t  
t h e   r e s u l t s .  The e f f ec t s   can  be  minimized by mounting  the LCD 
so tha t   o the r   conduc to r s   a r e  25 f e e t  o r  more away and o r i e n t i n g  
the  LCD so t h a t  i s  points   out   of  o r  away from the  other  conduc- 
t o r s .  Measurements  using L C D s  wi th   spac ings   l ess   than  25 f e e t  
between  conductors w i l l  r equ i r e   soph i s t i ca t ed  means of i n t e r p r e t -  
i ng   t he   da t a   s ince   ana lys i s  of the   magnet ic   f ie lds  w i l l  be  neces- 
s a r y  in   o rde r   t o   i n t e rp re t   t he   t ape   r eco rd ings .  

Magnetic  Tape  Types 

The magnet ic   t ape   u t i l i zed   in   an  LCD depends somewhat on t h e  
use  and  required  accuracy. The c a l i b r a t i o n   f a c t o r s   f o r   d i f f e r e n t  
manufacturers '   tapes   vary by up t o  + l o % .  F o r  many a p p l i c a t i o n s ,  
o ther   fac tors   ( such  as the  readout  method) w i l l  l i m i t  t h e   o v e r a l l  
accuracy  of  the LCD and  any  convenient   ferr ic  oxide;k tape can  be 
used. hihen a ca l ib ra t ion   f ac to r   ave raged   f rom  a l l   t apes   t e s t ed  
i s  used ,   the   resu l t s   should   no t  be i n   e r r o r  by more than + l o % .  

9; Chrome tapes, which are  more r e s i s t an t   t o   change ,  would e x h i b i t  
sma l l e r   s igna l   e r a su res   fo r  a g iven   cu r ren t   l eve l   and ,   t he re fo re ,  
were no t   eva lua ted   fo r   t hese   app l i ca t ions .  
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A more important   considerat ion i s  t h e   s e l e c t i o n  of r e e l - t o -  
reel  t a p e s   o r   c a s s e t t e   t a p e s .  Both g i v e   t h e  same t e c h n i c a l r e -  
su l t ,   bu t   the   d i f fe rence  l i e s  in   the   readout   method.  The r e e l  mag- 
n e t i c  tape i s  cu t ,   pos i t i oned  down one s ide   o f   t he   t ape   ca r r i e r  
and  back  up t h e   o t h e r   s i d e ,  and a t t ached  a t  the   t op .   Af t e r  ex- 
posure,  i t  must  be  removed  and s p l i c e d   t o   p i e c e s  of  reference 
t ape  of s u f f i c i e n t   l e n g t h  t o  a l low it  to   be   p l ayed .  

A c a s s e t t e  tape w i l l  have   t he   ca s se t t e  mounted in   t he   t op   o f  
t h e  tape holder   with a por t ion   o f   the  tape pu l l ed  down i n t o   t h e  
tube by the   t ape   ca r r i e r .   Af t e r   exposure ,   t he   t ape  i s  wound back 
i n t o   t h e   c a s s e t t e ,  and i f   des i red ,   no tes   concern ing  t h e  exposure 
could  be  recorded  on  the  tape  (date,  t i m e ,  e t c . )  . The c a s s e t t e  
can  then  be  advanced  and  exposures made so  tha t   t he   en t i r e   h i s to ry  
of t he   s i t e   can   be   kep t  on  one c a s s e t t e .  A l s o ,  s i n c e   s p l i c e s   a r e  
not   needed,   the   casset te   can  be  played on a ba t te ry   opera ted  
p l aye r   i n   t he   f i e ld   and   t he   peak   cu r ren t   e s t ima tes  made without 
going t o  a labora tory .  

S i n c e   t h e   r e e l  tapes must  be r e s p l i c e d  on l eade r   t apes   fo r  
playback,   an  external  means i s  needed t o  i n s u r e   t h a t  a s t r i k e   h a s  
occurred  before   going  through  the  effor t   of   reading  the  tape.  
Checking a c a s s e t t e   t a p e  by playing i t  i n   t h e   f i e l d   e l i m i n a t e s  
the   need   fo r   t he   ex t e rna l   i nd ica to r .  

I f  a c a s s e t t e  i s  s e l e c t e d ,  a qua l i t y   ca s se t t e ,   such  as those 
manufactured by Maxell   (ref.  7 )  i s  sugges t ed ,   s ince   t he   ca s se t t e  
s h e l l  i s  a n   i n t e g r a l   p a r t  of the   t ape   t ranspor t   sys tem.  The tape  
to   head  contact   pressure i s  con t ro l l ed  by the   p re s su re  pad  which 
i s  a l s o   p a r t   o f   t h e   c a s s e t t e   s h e l l .  Also ,  a s h e l l   f a s t e n e d   t o -  
gether   with  screws  ra ther   than  glued i s  p r e f e r r e d   s i n c e ,   i n   c a s e  
of  damage, the  tape  can  be  salvaged  or   repairs  made.  Tape length  
should  be 60 m i n u t e s   t o t a l   o r   l e s s  t o  avoid  working  with  the  very 
th in   t apes   u sed   fo r   l ong   p l ay ing   ca s se t t e s   ( r e f .  8 ) .  

Reference  Signal  Xecording 

The LCD technique  depends on be ing   ab le  t o  de t ec t   t he   l eng th  
of t ape  upon  which a reference  s ignal   has   been  erased.  A t y p i c a l  
e r a su re  i s  shown i n   f i g u r e  3 .  This   ske t ch   i l l u s t r a t e s   t he   ou tpu t  
of a tape   p layer  as it  would appear when displayed by an   o sc i l l o -  
scope o r  high  frequency s t r i p  char t   recorder   (Vis icorder ) .  

From f i g u r e  3 ,  it can  be  seen  that   the  erased  portion  goes 
g radua l ly   f rom  fu l l   r e f e rence   s igna l   t o  no s i g n a l .  The re ference  
s ignal   level   must ,   therefore ,   be   very  uniform o r  cons i s t en t  t o  
d e t e c t  where  an  erasure  begins.   If   for  example,   the  reference 
were t o  randomly vary by Z O X ,  t hen   t he   de t ec t ion  of  where  an 
e ra su re  began  would  be  almost  impossible.  For  consistent LCD 
r ead ings ,   t he   r e f e rence   s igna l   l eve l ,  when played  back,  should  not 
vary by  more than +5%. 
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Theore t ica l ly ,   any   re ference   s igna l   l eve l   and   f requency   can  
be  used. However, a s  a p r a c t i c a l   m a t t e r ,   i f   t h e   l e v e l  i s  too  low, 
no i se  w i l l  be a problem,  and i f  i t  i s  too   h igh ,   the   recorder /  
p layer  will sa tu ra t e   and /o r  l i m i t  the   ou tput .   Therefore ,   the  
level  should  be set  a t  a mid- range   va lue ,   usua l ly   spec i f ied   in   the  
recorder   manufac turer ' s   ins t ruc t ions .  Most t ape   r eco rde r /p l aye r s  
have  the  best   f requency  response  in   the 100 Hz t o  4000 Hz range 
and so  the   re fe rence   s igna l   f requency   se lec ted   should   fa l l   in   th i s  
range.  For  the cassette tes ts  conducted  here, 400 Hz, which i s  
c lose   to   the   mus ica l   no te   Middle  C (440 Hz), was s e l e c t e d .  

Tape  Readback Method 

Once a magnetic  tape  has  been  exposed t o  a l i gh tn ing   cu r ren t  
magnet ic   f ie ld ,  a po r t ion  of t h e  tape w i l l  have  been  erased. 
Actual ly ,   exposure  to   the  magnet ic   f ie ld   magnet izes  a l l  t h e  do- 
mains  on t h e   t a p e   i n t o   s a t u r a t i o n   i n   t h e  same d i r e c t i o n  - a DC 
condi t ion  - and  the  tape p l a y e r  needs a varying  magnetic domain 
p a t t e r n  - an AC condi t ion  - f o r  i t  to   respond.  A t  g r e a t e r   d i s -  
tances   and/or   lower   magnet ic   intensi t ies ,   the  number of   d i s turbed  
domains decreases   and   the   o r ig ina l   re fe rence   s igna l  becomes 
dominant  again. 

Measuring  the  length  of  tape on which the   r e f e rence   s igna l  
i s  e rased   requi res   p lay ing   the   t ape  on a p l aye r .  The speed a t  
which the   p l aye r   ope ra t e s  i s  quite  important  and  should  be known 
t o   a n   a c c u r a c y   a t   l e a s t   g r e a t e r   t h a n   t h e   d e s i r e d  measurement 
e r r o r .  A l ength  of prerecorded  tape  can  be marked a t   i n t e r v a l s  
of 1 . 5  m and  the t i m e  between  marks  measured  while  the  player i s  
operated.  A s i m p l e  marking  system  consists  of  placing  small  
l ength  ( 0 . 3  cm) of  sp l ic ing   tape   over   the   ox ide  on the  magnetic 
tape.  Care  must be taken t o  i n su re   t ha t   t he   sp l i c ing   t ape   ad -  
hesive  does  not  cause  the  magnetic  tapes t o  s t i c k   i n   t h e   c a s s e t t e  
Timed t a p e s   a r e  a l s o  commercially  available.   Battery  operated 
p l aye r s   e spec ia l ly  must  be  checked for   speed   qu i te   o f ten   as   they  
tend t o  slow down as t h e  bat ter ies  wear o u t .  

A r e l a t ive ly   s imp le  method for   determining  the  length  of  
erased  tape i s  t o  measure  the  t ime  that   the   reference  s ignal  i s  
absent   with a stopwatch.  Since  the human ear responds t o  loga- 
rithmic  changes  in  sound, a VU me te r   i n   pa ra l l e l   w i th  a speaker 
makes the   change   v i sua l ly   de tec tab le   as  w e l l  a s   a u d i b l e .  Such a 
system i s  shown p i c t o r i a l l y  and   s chemat i ca l ly   i n   f i gu re  4 .  

The volume  on the   p l aye r  i s  ad jus ted  so  t h a t   t h e  VU meter 
reads  100X (0  dB) du r ing   t he   r e f e rence   s igna l .  When the  exposed 
po r t ion  of t h e   t a p e  passes, the  meter  w i l l  dip  and  the  t ime  be- 
tween t h e  80% points  can  be  measured  with a stopwatch.  Calibra- 
t i o n  tes ts  u s i n g   t h i s  method indica te   tha t   an   accuracy  of +IO% i s  
poss ib l e  when measurements are  made using  this   method.  
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Low peal: cu r ren t s   ( l e s s   t han  7 1A) are   hard   to   measure   wi th  
this   technique  because  the  erasure  t imes (0 .1  t o  0 . 5  seconds) 
approach a p e r s o n ' s   r e a c t i o n  t i m e ,  making l a r g e   e r r o r s  (100%) 
q u i t e   p o s s i b l e .  

More accurate  measurements of t h e   e r a s u r e  t i m e  can  be made 
i f   t h e   o u t p u t   o f   t h e   t a p e   p l a y e r  i s  displayed  and  recorded on an 
osc i l l o scope   o r  a s t r i p  c h a r t   r e c o r d e r .  Iiowever, t h e   w r i t i n g  
speed  of   the  s t r ip   recorder   or   osci l loscope  must   be known as  
a c c u r a t e l y   a s   t h e  p l a y e r  speed. The t ime,   or   length  of   tape 
erased,  can  then  be  determined by measurements  on  the s t r i p  c h a r t  
o r   osc i l logram.  Assuming tha t   the   p layer   and   recorder   speeds  are 
known to  suff ic ient   accuracy,   measurements  made with  such  systems 
a r e   a c c u r a t e   t o   w i t h i n  +5%. 

Magnetic  Tape  Holder  Effects 

I n   t h e   d i s c u s s i o n s   t h u s   f a r ,   t h e   t o t a l   l e n g t h   o f   m a g n e t i c  
tape  erased  has  been  measured.  This  represents  the  distance  from 
where  the erasure s ta r t s  t o  the  bottom of t h e  LCD and  back t o  
where  the  erasure  ends on t h e  back s ide   o f   t he  tape c a r r i e r .  So 
t h e   t a p e  on the   backs ide   o f   the   t ape   car r ie r  i s  r e a l l y   i n   p a r a l l e l  
w i th   t ha t  on the   f ront   s ide   and   bo th   a re   e rased   s imul taneous ly  
during  exposure. The t ape   e r a su re   d i s t ance  i s  1 / 2  of t h e   d i s t a n c e  
from  where t h e   e r a s u r e   s t a r t s   t o  where i t  s tops .   Pos i t i on ing   t he  
t a p e   i n   t h i s  manner eliminates  the  need  for  determining  where  the 
tape  reaches  the  bottom  of  the L C D .  I f   t h e   t a p e  w a s  only  placed 
on one  s ide of t he   t ape   ho lde r ,  i t  would  have t o  be s p l i c e d   a t   t h e  
bottom  end  and data   could  be l o s t  during  the  process .  

From equat ion 1 (H = i / 2 n r ) ,  it can  be  seen  that   for  a given 
c u r r e n t ,  B i s  i n v e r s e l y   p r o p o r t i o n a l   t o   r a d i a l   d i s t a n c e ,  r ;  but  r 
i s  measured  from t h e   c e n t e r  o f  the  conductor .  So t he   t h i ckness  
of  the  holder  bottom  plate  and 1 / 2  of the  diameter  of  the  conduc- 
t o r  must  be  added t o  1 / 2  the   l ength   o f   t ape   e rased   in   o rder  t o  
compare tapes   exposed   in   d i f fe ren t   ho lders   and/or  on d i f f e r e n t  
diameter  conductors.  

The length  of erased  tape  measured  a lso  includes  the  thick-  
ness  of t h e   t a p e   c a r r i e r .   I f   t h e  t a p e  c a r r i e r  was i n f i n i t e l y  
th in ,   the   magnet ic   t ape  would f o l d   d i r e c t l y  back  on i t s e l f  and no 
e x t r a   t a p e  would  be  involved,  but  since i t  i s  n o t ,   e x t r a   t a p e  i s  
requi red .  Even though  these  dimensions w i l l  be   smal l   in  a w e l l  
designed  holder ,   they  can  cause  errors   a t  low cu r ren t   l eve l s   be -  
cause   the   l ength   o f   the   e rased   tape  i s  s h o r t .  The e f f e c t s  of   the 
tape  holder   can  be  designed  out   i f   the   tape  carr ier   thickness  i s  
made twice  the  end  cap  thickness.  
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Other, less obvious  errors  can  be  introduced a t  low levels 
i f   the   magnet ic  tape i s  not  centered  over  the  conductor.   These 
e r r o r s  w i l l  general ly   be small but   quest ions  can  be  e l iminated i f  
guides are provided  on  the t a p e  c a r r i e r   a n d   t h e  LCD t o   i n s u r e  
t h a t   t h e  tape i s  centered  over  the  conductor.  

Magnetic  Tape  Calibration  Factors 

For  many years ,   peak  current   accuracies   of  5% t o  10% w i l l  be 
su f f i c i en t   and   t hey   shou ld   u se   f e r r i c   ox ide   ca s se t t e   t apes   and  
stopwatch  readouts  due  to  the s i m p l e  procedures  involved. It 
would s t i l l  be  advisable   to   measure  the  tape  player   speed  s ince 
many inexpens ive   p layers ,   and   espec ia l ly   ba t te ry   opera ted   p layers  
w i l l  vary more than + l o %  from  the  standard 4 . 7 6  cent imeters  p e r  
second (1 7 / 8   i n / s ) .  A l s o ,  cu r ren t s  of l e s s   t han  4 kA cannot be 
measured  accurately by t h i s  method  and the  conductor  should  not 
exceed 1 . 3  c m  ( 1 / 2  in)   diameter .  

When the  stopwatch times a r e  measured  between 80% of r e f e r -  
ence   s igna l   po in ts   and   the   above   condi t ions   a re   met ,   the   magnet ic  
t a p e   c a l i b r a t i o n  i s :  

4 . 3  M/s  

I f   t he   p l aye r  i s  opera ted   a t   speeds   o ther   than   s tandard ,   the   fac-  
t o r  must  be ad jus ted   accord ingly .  

Fo r   t hose   i nves t iga to r s   des i r ing  a more precise  measurement, 
the  erasure  should  be  measured by recording  the  output   of   the  
player   on  an  osci l loscope o r  a s t r i p  char t   recorder .   Again,  
player  and  recorder speeds must be known t o  accu rac i e s   be t t e r   t han  
t h e   d e s i r e d   r e s u l t s .   A l s o ,   a t t e n t i o n  must  be  given t o  holder  and 
conductor  dimensions. The tape   formula t ion   a l so   begins   to  p l a y  a 
p a r t   i n   t h e   r e a d o u t .  

Since  the  holder  and  conductor  dimensions  as  well  as  player 
and  recorder  speeds w i l l  have t o  be  considered  in  the  measure- 
m e n t s ,   t h e   c a l i b r a t i o n   f a c t o r s   a r e   l i s t e d   a s  a funct ion  of   erased 
t ape   l eng th   fo r   va r ious  measurement p o i n t s  (50%, 80%,  and 90%) 
and  manufacturers. The c a l i b r a t i o n   f a c t o r s   a r e :  

50% 80% 9 0% 
Reel  Tapes - Group 19; 2 .51 kA/cm 1 .95  kA/cm 1 .75  k A / c m  
Reel Tapes - Group P C  1 . 4 0  kA/cm 
Casse t t e  - Group 19; 2.53 kA/cm 1.88 kA/cm 
Casse t t e  - Group 2f; 2.53  M/cm  1.78 kA/cm 
* Group 1 tapes  manufactured by Ampex & Maxell; Group 2 tapes 
manufactured by Scotch  and BASF. 
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The to t a l   l eng th   o f   t ape   e r a sed  i s  determined by mul t ip ly ing  
t h e  measurement ( s t r i p   c h a r t   o r   o s c i l l o g r a m )  by the   appropr ia te  
player  and  recorder  speeds.   This  length  must  then  be-divided by 
two to   account   for   the   t ape   be ing   fo lded .  Then the  dis tance  f rom 
the  bot tom  of   the  tape  to   the  center   of   the   conductor   (holder  
bottom  cap  thickness + 1 / 2  conductor  diameter)  minus 1 / 2  of t h e  
t a p e   c a r r i e r   t h i c k n e s s ,  must  be  added t o   t h e   l e n g t h .  When mul t i -  
p l i e d  by the   appropr i a t e   above   ca l ib ra t ion   f ac to r ,   t he  peak  cur- 
rent  measured i s  then  determined. 
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e 1.- Typical  LCD mounted on a conductor. 
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Figure 3.-  Typical LCD erasure  pattern. 
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Figure 4.- Magnetic  tape  playback  monitor. 
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A STUDY  OF THE COMPARATIVE  PERFORMANCE OF 

SIX LIGHTNING WARNING SYSTEMS* 

Richard L. Johnson  and  Donald E. J a n o t a  
Sou thwes t   Resea rch   In s t i t u t e  

J. Edmund  Hay 
P i t t s b u r g h  Research Center   of  USBM 

SUMMARY 

An a n a l y s i s   o f   m i n i n g   e x p l o s i v e   a c c i d e n t   r e p o r t s   i n d i c a t e  a need   fo r  
clear and  ample  warning  of   approaching e l ec t r i ca l  s t o r m s   t o   r e d u c e  
i n j u r i e s l f a t a l i t i e s   d u e   t o   l i g h t n i n g   i n d u c e d   p r e m a t u r e   d e t o n a t i o n .   D u r i n g   t h e  
Spr ing   and  Summer of   1979,  s i x  l i g h t n i n g   w a r n i n g   d e v i c e s  w e r e  compara t ive ly  
e v a l u a t e d  a t  t h r e e  tes t  sites. The d e v i c e s   t e s t e d  were: (1) Flash   coun te r ,  
(2)   Corona  point ,  ( 3 )  Radioac t ive   p robe ,  ( 4 )  F i e l d  mill, (5) az imuth / range  
l o c a t o r ,   a n d  ( 6 )  T r i a n g u l a t i o n   l o c a t o r .  The test si tes were c h o s e n   t o   p r o v i d e  
sys t em  eva lua t ion   unde r   va r i ed   t hunde r s to rm  cond i t ions .  The d e v i c e s  were 
t e s t e d  a t  San  Antonio, Texas, Kennedy  Space  Center,  Florida  and  Langmuir 
Labora tory ,  New Mexico.  Comparative  performance i s  rev iewed  in   t e rms   of  alarm 
r e l i a b i l i t y ,   f a l s e  alarm a n d   f a i l u r e   t o   a l a r m   p r o b a b i l i t i e s .   I m p r o v e d  
l igh tn ing   warn ing   sys tem  requi rements   and   methods   o f   re la t ing   warn ing  c r i t e r i a  
t o   e x p l o s i v e   h a z a r d  are d i s c u s s e d .  

INTRODUCTION 

The o b j e c t i v e   o f   t h i s   s t u d y  is  t o   e v a l u a t e   t h e   a d e q u a c y   o f   e l e c t r i c a l  
s torm  warn ing   sys tems  and   to  recommend improvements i f   n e c e s s a r y .  Mine s a f e t y  
s t a n d a r d s   s p e c i f y   t h a t  "when e lec t r ic  d e t o n a t o r s  are used ,   cha rg ing   (o f  
b l a s t h o l e s )   s h a l l   b e   s u s p e n d e d  ... and men wi thd rawn   t o  a s a f e   l o c a t i o n   u p o n   t h e  
approach   of   an  e lec t r ica l  storm." These f e d e r a l   h e a l t h   a n d   s a f e t y   s t a n d a r d s  
a p p l y   t o  metal and   nonmeta l   open   p i t   and   underground  mines ,   sand ,   g rave l ,   and  
c rushed- s tone   ope ra t ions ,   su r f ace   coa l   mines ,   and   su r f ace   work  areas o f  
underground  coal  mines.  

The i n t e n t  of  t h e   s a f e t y   r e g u l a t i o n  i s  clear.  Evacuat ion  reduces 
in ju r i e s   a s soc ia t ed   w i th   l i gh tn ing - induced   p rema tu re   exp los ions ,   p rov id ing  
t h a t   t h e r e  is  clear and  ample  warning  of   approaching  l ightning  s torms.  Mine 
a c c i d e n t   r e c o r d s   i n d i c a t e  a d i s t i n c t   n e e d   f o r   i m p r o v e m e n t s   i n   e a r l y   d e t e c t i o n  
of   approaching  e lec t r ica l  s t o r m s   i n   o r d e r   t o   a l l o w   s u f f i c i e n t  time f o r   w o r k e r s  
t o   w i t h d r a w   t o  a safe loca t ion .   Fo r   example ,   i n   1977   t he re  were t h r e e  
f a t a l i t i e s   w i t h i n  a month  due t o  two s e p a r a t e   a c c i d e n t s :   o n e  a t  a s t r i p  mine 
in   T ioga   County ,   Pennsylvania ,   and  two n e a r  Van Lear, Kentucky. 

*The w o r k   d e s c r i b e d   i n   t h i s   p a p e r  w a s  suppor t ed   by   t he  U.S. Bureau  of  Mines 
under  Contract  50387207. 
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The Bureau  of a n e s   h a s   s p o n s o r e d   t h e   a c q u i s i t i o n   a n d   d i s s e m i n a t i o n   o f  
i n f o r m a t i o n   o n   t h e   c h a r a c t e r i s t i c s   a n d   a d e q u a c y   o f   d e v i c e s   a n d   s y s t e m s  
des igned   t o   g ive   warn ing   o f   a tmosphe r i c  e lectr ical  a c t i v i t y .  It i s  a l s o  
wi th in   t he   s cope   o f   Bureau   o f   Mines   conce rns   t o   deve lop   improvemen t s   i n   such  
devices   and  systems i f  necessary .  Under the   pu rv iew of t h i s   s t u d y ,   S o u t h w e s t  
R e s e a r c h   I n s t i t u t e  (SWRI)  has   evaluated s i x  c o n c e p t u a l l y   d i s t i n c t   l i g h t n i n g  
warn ing   dev ices   i n   s ide -by- s ide  tests a t  t h r e e  sites. These tests p r o v i d e  
d i r e c t l y   c o m p a r a b l e   r e s u l t s   u n d e r   t h u n d e r s t o r m   c o n d i t i o n s   i n i t i a t e d   b y   t h e  
t h r e e   m a j o r   s o u r c e s   o f   t h u n d e r s t o r m   a c t i v i t y ,   v i z ,  movement o f   f r o n t a l  a i r  
masses, c o n v e c t i o n   d u e   t o   l o c a l i z e d   s u r f a c e   h e a t i n g ,   a n d   u n s t a b l e  a i r  masses 
d u e   t o   m o u n t a i n o u s   t e r r a i n   ( o r o g r a p h i c )   e f f e c t s .  

A review o f   p r e v i o u s   w o r k   i n   t h e   c o m p a r a t i v e   e v a l u a t i o n   o f   l i g h t n i n g  
warning  systems reveals t h a t  a s ide-by-s ide   s tudy  was conducted   by   the  USAF 
Air Weather Service a t  Cape Canaveral  AFS dur ing   t he   pe r iod   Apr i l -Sep tember  
1970.  F ive   dev ices  were e v a l u a t e d   i n   t h i s   e f f o r t .  A p r o t o t y p e   d e v i c e  
developed  by  the Air Force  Geophysical   Laboratory was d e t e r m i n e d   t o   b e s t  
s a t i s f y  USAF r e q u i r e m e n t s   ( r e f .  1). No copy  of   the t es t  p l a n   n o r   d e t a i l s  of 
t h e   r e s u l t s   h a s   b e e n   l o c a t e d .  Of t h e   d e v i c e s   t e s t e d ,  two are c u r r e n t l y   b e i n g  
manufactured  commercially.  

A c o m p r e h e n s i v e   t h e o r e t i c a l  review was done   by   Cianos   and   P ie rce   ( re f .  2 ,  
r e f .  3 ) ,  u s i n g   a n   e x i s t i n g   s t a t i s t i c a l   d a t a   b a s e  of  t hunde r s to rm  and   l i gh tn ing  
p a r a m e t e r s   a v a i l a b l e   i n   t h e   l i t e r a t u r e .   T h i s   e f f o r t   a d d r e s s e d   t h e   g e n e r a l  
p roblem  of   l igh tn ing   warn ing .   Conclus ions   and   recommndat ions  were made based 
o n   t h e   t h e o r e t i c a l   o r   p r o j e c t e d   p e r f o r m a n c e   o f   t h e   s y s t e m s   a n a l y z e d .  

I n   o t h e r   s t u d i e s ,   t h e   p e r f o r m a n c e   o f   s i n g l e   s e n s o r   t y p e s   h a s   b e e n  
e v a l u a t e d .   T h e s e   i n c l u d e   a n   e v a l u a t i o n   o f  a rad ioac t ive   p robe   by   Buse t   and  
P r i c e   ( r e f .  4 )  , a f i e l d  mill by t h e  USAF A i r  Weather Service ( r e f .  5) , a n  
a z i m u t h l r a n g e   l o c a t o r  by Schneider   and Mangold ( r e f .  6) ,  and a t r i a n g u l a t i o n  
loca t ion   sys tem  by   Vance   ( re f .  7 ) .  

Th i s   pape r   summar izes   t he   r e su l t s   o f  a l l  known t y p e s   o f   l i g h t n i n g   w a r n i n g  
systems  which are commerc ia l ly   ava i l ab le .  The r e s u l t s   o f   t h i s   e f f o r t   a r e  
d i r e c t e d   t o w a r d   p r o v i d i n g  a c o s t   e f f e c t i v e   s o l u t i o n   f o r   t i m e l y   w a r n i n g  o f  
a tmospher ic  e l ec t r i ca l  a c t i v i t y   a p p r o p r i a t e   t o   t h e   g e n e r a l   m i n i n g   i n d u s t r y  
requirement .  

EXPERIMENTAL DESIGN 

B l a s t i n g   a r e a   v u l n e r a b i l i t y   t o   l i g h t n i n g  is based  on two primary 
c o n d i t i o n s .  (1) Thunderstorms move i n t o   t h e   b l a s t i n g   a r e a ,  e. g. d u e   t o  
w e a t h e r   f r o n t   o r   c o n v e c t i v e  c e l l  movement, ( 2 )  a thunde r s to rm  bu i lds  up i n  
p l a c e   o v e r   t h e  s i te .  I n   t h e   f i r s t  case e lec t romagnet ic   emanat ions   f rom  the  
c l o u d   a n d   t h e   l i g h t n i n g   d i s c h a r g e   c a n   b e   u s e d   b e   d e t e c t   s t o r m   a p p r o a c h .   I n  
the  second case, t h e   f i r s t   s i g n   o f   d a n g e r  may be a l i g h t n i n g   s t r i k e   o c c u r r i n g  
without   warning.  On r e l a t i v e l y   c l e a r   d a y s   t h u n d e r s t o r m   a c t i v i t y   c a n   b e  
d i r ec t ly   obse rved .   However ,   unde r   ove rcas t   cond i t ions ,   t hunde r s to rms  may 
o c c u r   w i t h i n   t h e  area w i t h o u t   b e i n g   d e t e c t e d   u n t i l   c l o u d - t o - g r o u n d   l i g h t n i n g  
e v e n t s   a r e   i n i t i a t e d .  
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T h u s ,   e f f e c t i v e   l i g h t n i n g   w a r n i n g   r e q u i r e s  (1) c a p a b i l i t y   t o   d e t e c t  
s torms a t  a d i s t a n c e   r e s u l t i n g   i n  alarm, fo r   example ,  30 m i n u t e s   p r i o r   t o  
dangerous  approach  and (2)  c a p a b i l i t y   t o   d e t e c t  s t a t i c  b u i l d u p   i n   t h e  
i m m e d i a t e   v i c i n i t y  of t h e  site. The c o m p a r a t i v e   e v a l u a t i o n   o f   l i g h t n i n g  
w a r n i n g   s y s t e m s   r e q u i r e s   t h a t   b o t h   c a p a b i l i t i e s   b e   e v a l u a t e d   i n  terms of  (1) 
f a l s e  alarm a n d   f a i l u r e   t o  alarm rates, and (2)  alarm r e l i a b i l i t y   i n  terms o f  
dangerous e lectr ical  e n e r g y   d i s s i p a t i o n   i n   e x p l o s i v e   d e t o n a t o r s .  

To a c h i e v e   t h e s e  test g o a l s ,   t h e   c o m p a r a t i v e   e v a l u a t i o n  tes t  w a s  
implemented as f o l l o w s :  (1) a survey  of a l l  known methods   o f   l igh tn ing   warn ing  
w a s  per formed  and   representa t ive   devices  were a c q u i r e d   f o r  t e s t ,  ( 2 )  a n  
o p t i c a l   l i g h t n i n g   l o c a t i o n   s y s t e m  w a s  deve loped   t o   p rov ide   p rox imi ty   da t a   on  
c loud- to -g round   s t r ikes ,  ( 3 )  a d e t o n a t o r   s i m u l a t i o n   c i r c u i t  was developed 
which   s imula tes   bo th   b r idgewire   and   br idgewire- to-case   a rcover   de tona t ion ,   and  
( 4 )  s e l e c t i o n   o f   t h r e e  tes t  si tes r e p r e s e n t a t i v e   o f   t h e   p r e v a l e n t   t h u n d e r s t o r m  
g e n e r a t i n g   c o n d i t i o n s .  A t  each s i t e  a p e r i m e t e r   o f  18 km abou t   t he   a r r ay   o f  
s e n s o r s  w a s  e s t a b l i s h e d   w i t h i n   w h i c h   w a r n i n g   i n d i c a t i o n s  as thunderstorms 
approached w a s  monitored.  Assuming a mean s t o r m  movement of   nominal ly  36 
km/hr ,   t h i s   p rov ided  a 30 minu te   warn ing   capab i l i t y .  

Data f rom  the   s tudy  is  analyzed  based upon (1) a l a r m   i n d i c a t i o n s   f r o m   t h e  
c a n d i d a t e   e l e c t r i c a l   w a r n i n g   s y s t e m s ,  ( 2 )  me teo ro log ica l   da t a   f rom  wea the r  
r a d a r   f a c s i m i l e ,   t h e  NWS (16 mm f i l m   a r c h i v e  a t  A s h e v i l l e ,   N o r t h   C a r o l i n a ) ,  
eyewi tness   obse rva t ions  by t h e  s i t e  o p e r a t i n g   p e r s o n n e l ,   a n d   l i g h t n i n g   f l a s h  
loca t ions   f rom  the   pho tograph ic   s enso r s .  Criteria used   for   compara t ive  
a n a l y s i s   o f   s y s t e m   p e r f o r m a n c e   i n c l u d e   a l a r m   r e l i a b i l i t y ,   f a i l u r e - t o - a l a r m  
r a t e ,  and   f a l se -a l a rm  r a t e   o f   t he   warn ing   sys t ems   de t e rmined   f rom  obse rved  
e l e c t r i c a l   a c t i v i t y  and   the  two d e t o n a t o r   s i m u l a t i o n   r e c o r d s .  

LIGHTNINTG WARNING SYSTEMS 

Flash  Counter  

A l i g h t n i n g   f l a s h   c o u n t e r   s e n s e s   t h e   a t m o s p h e r i c   r a d i o   e m i s s i o n   f r o m  a 
l i g h t n i n g   d i s c h a r g e   ( s f e r i c )   a n d   i n d i c a t e s   t h e   r e c e i v e d   s f e r i c   ( f l a s h )  rate. 
The h i g h e r   t h e  rate,  t h e  mre i n t e n s e   a n d / o r   n e a r e r   t h e   p r o x i m i t y  of  t h e  
storm. 

A review o f   t h e   d e v e l o p m e n t   o f   l i g h t n i n g   f l a s h   c o u n t e r s   a n d   t h e i r   u t i l i t y  
as warning   devices  is given  by  Chalmers   ( ref .   8) .   Comparat ive  performance 
d a t a   o f   t h e   P i e r c e - G o l d e ,   m o d i f i e d   P r e n t i c e ,   a n d  a Czechos lovakian   f lash  
c o u n t e r  is  g iven   by   Anderson   ( re f .   lo ) .  The use of a f l a s h   c o u n t e r  as a 
l i gh tn ing   warn ing   dev ice   has   been   advoca ted   f r equen t ly ,   bu t  i t s  primary 
u t i l i t y   h a s   b e e n   i n   t h e   a c q u i s i t i o n   o f   t h u n d e r s t o r m   e l e c t r i c a l   s t a t i s t i c s   s u c h  
as r a t i o   o f   c l o u d - t o - g r o u n d   v e r s u s   i n t r a c l o u d   d i s c h a r g e s ,   o r   n u m b e r   o f   s t r i k e s  
as a f u n c t i o n   o f   s t o r m   d u r a t i o n ,  e tc .  
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Corona  Point 

A summary d i s c u s s i o n   o f   t h e   c o r o n a   p o i n t   p r i n c i p l e  is given by  Latham  and 
Stromberg (ref. 11). The c o r o n a   p o i n t   d e v i c e  i s  pe rhaps   concep tua l ly   t he  
s imples t   o f   t he   l i gh tn ing   warn ing   sys t ems .   In   pa raphrase  of Cianos   and   P ie rce  
( r e f .   2 ) ,  i f  a s h a r p   p o i n t  is r a i s e d   t o  a h e i g h t  h above a ground  p lane ,   the  
c o r o n a   c u r r e n t  i i n   t h e   p r e s e n c e   o f   a n   e l e c t r o s t a t i c   f i e l d  E and  wind  speed w 
is  given by : 

where a and c are c o n s t a n t s   a n d  

Eo = t h r e s h o l d   f i e l d   t o   i n i t i a t e   c o r o n a  Q 1 kv/m. 

I f   t h e  wind v e l o c i t y  is  z e r o ,   e q u a t i o n  (1) becomes 

i = ah(E-Eo)  (cEh) . 
F o r   s m a l l   f i e l d   v a l u e s ,  E<Eo, t h e   c o r o n a   c u r r e n t  is e s s e n t i a l l y   c o n s t a n t .  
Under t h e   c o n d i t i o n s   o f   t h u n d e r s t o r m   a c t i v i t y ,   t h e   w i n d   v e l o c i t y  term i s  such 
t h a t  w>cEh and   equat ion  (1) r e d u c e s   t o  

i = ah  (E-Eo)w 

Warning levels of co rona   cu r ren t   shou ld   a l low  fo r   enhanced   cu r ren t   due   t o   h igh  
wind  speeds. 

Radioact ive  Probe 

A d e s c r i p t i o n   o f   t h e   r a d i o a c t i v e   p r o b e   d e v i c e  i s  given by McCready ( r e f .  
1 2 ) .  A l so  summaries   can  be  found  in   Cianos  and  Pierce  ( ref .   2)   and  Chalmers  
( r e f .  8 ) .  I n   p r i n c i p l e ,   t h e   r a d i o a c t i v e   p r o b e   m e a s u r e s   t h e   e l e c t r o s t a t i c  
f i e l d   i n   t h e   p r e s e n c e   o f   i o n i z i n g   p a r t i c l e   e m i s s i o n .  The probe is connected 
t o  a conductor .  The e m i t t e d   p a r t i c l e s   i o n i z e  a small   volume  of a i r  a b o u t   t h e  
p r o b e   w h i c h   b r i n g s   t h e   p o t e n t i a l  of  t h e   c o n d u c t o r   t o   t h a t  o f  the   a tmospher ic  
g r a d i e n t .   P o t e n t i a l  is  estimated by measu r ing   t he   cu r ren t   t h rough   t he  
conductor   and  using a knowledge   o f   t he   coup l ing   r e s i s t ance   o f   t he   p robe   t o   t he  
sur rounding  a i r .  Commonly u s e d   r a d i o a c t i v e   s o u r c e s  are polonium  and   t r i t ium.  

F i e l d  Mill 

F i e l d  mill d e v i c e s  are  d e s c r i b e d  by Uman ( r e f .  13), Israel  ( r e f .  14), and 
Chalmers   ( ref .  8). In   paraphrase  of   Chalmers  summary, t h e   f i e l d  mill d e v i c e  
c o n s i s t s   o f  a f i x e d  test  p l a t e   w i t h  a c i r c u l a r l y   d i s p o s e d   a r r a y  o f  conduct ing  
s u r f a c e s   o n   t h e   f i x e d   p l a t e .  By r o t a t i n g   t h e   u p p e r   p l a t e ,   t h e   c o n d u c t i n g  
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elements are a l t e r n a t e l y  exposed t o  and s h i e l d e d   f r o m   t h e   e l e c t r i c   f i e l d   l i n e s  
between  the  earth  and  atmosphere. The u p p e r   r o t a t i n g   p l a t e  i s  genera l ly  
grounded t o   e a r t h  and the  conduct ing elements, which become charged   dur ing   the  
exposure  cycle  and are d ischarged   dur ing   the   sh ie ld ing   cyc le   th rough a 
resis tor-capaci tor   network.  The r e s u l t i n g   s i n u s o i d a l   s i g n a l  i s  r e c t i f i e d  and 
masured .  The ampl i tude   o f   t he   s inuso ida l   s igna l  is p r o p o r t i o n a l   t o   t h e  
charge  deposited upon the   conduct ing   sur faces  and t h u s   p r o p o r t i o n a l   t o   t h e  
e lectr ic  f i e l d   s t r e n g t h .  

Azimuth/Range Locator 

Descr ip t ion  of an  azimuth/range  locat ion  system are given by Harth  and 
Pe lz   ( re f .   15)  , Sao  and  Jindoh  (ref. 1 6 )  and Ryan and Sp i t ze r   ( r e f .   17 ) .  The 
technique  descr ibed  here  is a paraphrase  of  that   proposed by  Ryan and S p i t z e r  
( r e f .  1 7 ) .  The sensor  is a convent iona l   c rossed   loop   d i rec t ion   f inder   wi th  a 
monopole sense  antenna as developed by Watson-Watt  and Herd ( r e f .  18). The 
r ece ive r  is  broad  band  tuned  with a center   f requency  of  50 kHz. 

The crossed  loops are a l s o   q u a d r a t u r e  summed t o  form a composi te   s ignal  
which is compared t o  a threshold  level. Provided  the  signal  exceeds  the 
threshold   va lue ,   the   ana log  signals from  each  crossed  loop are  i n t e g r a t e d   f o r  
a period  of 500 microseconds. The i n t e g r a t e d   s i g n a l s  are t h e n   e f f e c t i v e l y  
divided by the   square  o f  the   composi te   s igna l ,   in  what i s  termed a "foldback 
method," s o  tha t   the   " fo lded   back"   s igna l  is smaller i n  magnitude f o r  a l a r g e r  
r ece ived   s igna l  and la rger   in   magni tude   for  a smaller rece ived   s igna l .   This  
s i g n a l ,   t h e n ,   r e s u l t s   i n  a range estimate which  coupled  with  the  direct ional  
data,   produces a dot on a CRT screen .  The po in t s  of  e l e c t r i c a l   a c t i v i t y  
resemble  the  polar  trace  of a weather   radar  CRT. 

Tr iangula t ion  Lo- Pator  

A rev iew  of   l igh tn ing   t r iangula t ion   loca t ion   techniques  is given by 
Horner ( r e f .  1 9 ) .  Recent  techniques are repor ted  by Oetzel  and  Pierce  (ref.  
20),  Cianos, e t .  a l .  ( r e f .   21 ) ,   Kr ide r  and  Noggle ( re f .   22) ,   Kr ider ,  e t .  a l .  
( r e f .  23)  and Herman, e t .  a l .  (ref.   24).   Other  techniques  reported  which  have 
been  used are by Lennon ( r e f .  25) , Taylor   ( ref .  2 6 )  and Warwick ( re f .   27) .  
The sys tem  descr ibed   here in  is a paraphrase  of  Krider,  e t .  a l .  ( re f .   28) .  

The d i r ec t ion   f i nd ing   t echn ique   desc r ibed   i n   t he   p rev ious   s ec t ion ,   u s ing  
a c rossed   l oop   s enso r ,   exh ib i t s   s ign i f i can t   d i r ec t iona l   e r ro r s  when t h e  
magnet ic   f ie ld   has   an   apprec iab le   hor izonta l  component. To overcome t h i s  
problem, a system  has  been  developed  to: (1) d i sc r imina te  between in t e rc loud  
and  cloud-to-ground  discharges,  and  (2) to ga te   t he   d i r ec t ion   f i nde r   on   t he  
i n i t i a l   p o r t i o n   o f   t h e  cloud-to-ground s t r i k e  which emits a predominately 
v e r t i c a l l y   p o l a r i z e d   m a g n e t i c   f i e l d ,   t y p i c a l l y   o c c u r r i n g   d u r i n g   t h e   f i r s t  100 
meters of   the   re turn   s t roke   channel .  
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The s y s t e m   c o n s i s t s   o f  two remote DF s t a t i o n s   w h i c h   t r a n s m i t   d a t a   t o  a 
c e n t r a l i z e d   f a c i l i t y .  The f u n c t i o n   o f   t h e   c e n t r a l  s i t e  is  t o   d e t e r m i n e  a 
p o i n t   o f   i n t e r s e c t i o n   o f   t h e   d i r e c t i o n a l   d a t a   r e p o r t e d  by  each  remote site. 
Two s e n s o r s  are l o c a t e d  a t  each  remote s i t e ,  a crossed   loop   an tenna   and  a f l a t  
p l a t e   a n t e n n a .  The f l a t   p l a t e   a n t e n n a  i s  used as a s e n s e   e l e m e n t   t o   r e s o l v e  
t h e  180 degree   ambigui ty   o f   the   c rossed   loop .  The sys tem i s  des igned   t o  
o p e r a t e   o n l y   u p o n   n e g a t i v e   c l o u d - t o - g r o u n d   d i s c h a r g e .   I f   t h i s   c r i t e r i o n  i s  
E t ,  a n   a n g l e   o f  arr ival  i s  computed .   Essent ia l ly   the   c loud- to-ground test i s  
based on two c r i t e r i a :  (1) time t o   i n i t i a l   p e a k ,   t y p i c a l l y  less than 5 t o  10 
microseconds,   and  (2)  decay t i m e ,  approximate ly  40 microseconds .   I f   t hese  
c o n d i t i o n s  are s a t i s f i e d ,   t h e   i n i t i a l   p e a k   v a l u e  is  u s e d   t o   d e t e r m i n e   t h e  
ang le   o f  a r r iva l .  The 180 degree  ambigui ty  i s  r e s o l v e d   b y   t h e  E f i e l d   f l a t  
p l a t e   s e n s o r   w h i c h   i n d i c a t e s  a p o s i t i v e   f i e l d   c h a n g e   f o r   n e g a t i v e   g r o u n d  
d i scha rges   and  vice versa f o r   p o s i t i v e   g r o u n d   d i s c h a r g e s .  

Also l o c a t e d  a t  the   r emote  s i t e  i s  a d i g i t a l   p r o c e s s o r   w h i c h   c o m p u t e s   t h e  
ang le   o f  a r r iva l  o f   e a c h   s t r o k e   i n   t h e   f l a s h ,  tests t h e   r e s u l t s   f o r   a g r e e m e n t ,  
and  averages  the  computat ions.  The d i g i t a l   p r o c e s s o r   t h e n   t r a n s m i t s   t h e  
r e s u l t   t o   t h e   c e n t r a l  s i t e  o v e r  a 200-baud l a n d   l i n e   p a i r   o f  wires. 

A t  t h e   c e n t r a l   f a c i l i t y ,   t h e   l o c a t i o n  o f  t h e   l i g h t n i n g   s t r i k e  i s  computed 
f r o m   t h e   i n t e r s e c t i o n   o f   t h e  two r e s p e c t i v e   b e a r i n g s   r e p o r t e d  by the   remote  
si tes.  The p o s i t i o n a l   d a t a  are o u t p u t   t o   t e l e t y p e   g i v i n g  time, n o r t h i n g ,  
e a s t i n g ,  number o f  s t r o k e s   i n   t h e   f l a s h   a n d  re la t ive s i g n a l   s t r e n g t h  a t  each 
o f   t he  two si tes.  Also t h e   p o s i t i o n  i s  p r e s e n t e d   g r a p h i c a l l y   o n   a n  X-Y 
p l o t t e r .  

SwRI TEST SITE 

SwRI i s  l o c a t e d   o n   t h e   w e s t e r n   c i t y  limits of  San  Antonio,  Texas. The 
c i t y  is  s i t u a t e d   i n   t h e   s o u t h - c e n t r a l   p o r t i o n   o f   T e x a s .   P r e c i p i t a t i o n   f r o m  
Apr i l   t h rough   Sep tember   u sua l ly   occu r s   w i th   t hunde r s to rms ,   f a i r ly   l a rge  
r a i n f a l l   a m o u n t s   o c c u r r i n g   i n   s h o r t   p e r i o d s   o f  time. Hail of  damaging 
i n t e n s i t y   s e l d o m   o c c u r s   b u t   l i g h t   h a i l  i s  f r e q u e n t   i n   c o n n e c t i o n   w i t h  
s p r i n g t i m e   t h u n d e r s t o r m s .   D u r i n g   t h e   e v a l u a t i o n   p e r i o d ,  1 A p r i l  - 15 May 
1979 ,  10 thunde r s to rm  even t s  were moni tored   over  a cumula t ive   pe r iod   o f  36 
hours .  A l l  s to rms  were f r o n t a l   t y p e   t h u n d e r s t o r m s ,   i n i t i a t e d  by t h e  movement 
of l a r g e   a i r  masses. 

The f i e ld   dep loymen t   o f   t he   l i gh tn ing   warn ing   s enso r s  a t  SwRI i s  shown i n  
F igures  1 and  2. The mob i l e   l abo ra to ry  i s  a 25-f t  t ra i ler .  Mounted a t o p   t h e  
t r a i l e r  are wind   speed   and   wind   d i rec t ion   sensors .  An i n t e r i o r  view o f   t h e  
mob i l e   l abo ra to ry  i s  shown i n   F i g u r e  3. 

KENNEDY SPACE CENTER TEST S I T E  

The Kennedy Space  Center  (KSC) complex i s  l o c a t e d  on t h e   A t l a n t i c  Ocean, 
wi th   the   Banana   and   Ind ian  Rivers runn ing   t h rough   t he   complex .   Te r ra in   i n   t he  
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area is f l a t ,   s o i l  is mos t ly   s andy ,   and   e l eva t ions   i n   t he  area range  f rom 5 t o  
30 m above sea level. The "rainy  season"  from  June  through  mid-October 
produces 60 p e r c e n t   o f   t h e   a n n u a l   r a i n f a l l .  The m a j o r   p o r t i o n   o f   t h e  summer 
r a i n f a l l   o c c u r s   i n   t h e   f o r m   o f   l o c a l   c o n v e c t i v e   t h u n d e r s h o w e r s .   T h e s e   s h o w e r s  
are occas iona l ly   heavy   and   produce  as much as 5 t o  8 c m  o f   r a i n .   D u r i n g   t h e  
test  p e r i o d  a t  KSC, 1 June - 1 5   J u l y   1 9 7 9 ,  22 thunders toorm  events  were 
m n i t o r e d   o v e r  a cumula t ive   pe r iod   o f  43 hours .  The t r igge r ing   mechan i sms   fo r  
t hese   s to rms  were: (1) movement o f   f r o n t a l  a i r  masses, (2)  l o c a l i z e d  
convec t ion   due   t o   su r f ace   hea t ing ,   and   (3 )   nea rby   pas sage   o f  a t r o p i c a l  
depress ion .  

A map of KSC i s  shown i n   F i g u r e  4 showing  the   deployment   o f   the   mobi le  
l a b o r a t o r y ,   t h e   t h r e e   o p t i c a l   l o c a t o r  sites and two d i r e c t i o n   f i n d i n g  sites 
u s e d   f o r   t h e   t r i a n g u l a t i o n   l o c a t i o n   s y s t e m .  

LANGMU'LR LABORATORY TEST SITE 

The Irving  Langmuir   Laboratory  for   Atmospheric   Research  provides  a base  
f o r   t h e   s t u d y   o f   c l o u d   p r o c e s s e s   t h a t   p r o d u c e   l i g h t n i n g ,   h a i l ,   a n d   r a i n .  The 
l a b o r a t o r y  is l o c a t e d   3 . 2  km fee t   above  sea level  near  South  Baldy  Peak i n   t h e  
Magdalena  Mountains   of   the   Cibola   Nat ional   Forest .  It is approximate ly   31  km 
southwest   of   Socorro,  New Mexico .   Solar   hea t ing  on t h e   m o u n t a i n s   o f   t h i s  area 
causes   l oca l i zed   updra f t s   each   day  so t h a t   c o n v e c t i v e   c l o u d s   f o r m   o v e r   t h e s e  
e l e v a t e d   r e g i o n s .  When the   winds  are g e n t l e ,   t h e s e   c l o u d s   o f t e n  go through 
t h e i r   e n t i r e   l i f e   c y c l e - - f r o m   t h e   f i r s t   c o n d e n s a t i o n   t o   f u l l   d e v e l o p m e n t - - a n d  
then   d i s s ipa t e   ove r   t he   moun ta ins   where   t hey   f i r s t   f o rmed .  

Dur ing   t he  tes t  p e r i o d  a t  Socorro,   21  July - 20 August  1979, 1 6  
thunde r s to rm  even t s  were monitored.  The cumula t ive  t i m e  o f   o b s e r v a t i o n  was 37 
hours.   While a thunders torm was i n   p r o g r e s s   o n  7 Augus t   1979,   l igh tn ing  
s t ruck   t he   co rona   po in t   dev ice   and   s eve re ly  damaged t h e   e l e c t r o n i c s .  
C o n c u r r e n t   w i t h   t h e   s t r i k e ,  a t r a n s i e n t   o n   t h e  AC power l i n e   r e s u l t e d   i n  a 
f a i l u r e   o f   t h e  p o w e r   s u p p l y   i n   t h e   f i e l d  m i l l  e l e c t r o n i c s .  

A map of  New Mexico is shown i n   F i g u r e  5 showing  the   deployment   o f   the  
mobile  laboratory  near  South  Baldy  Peak. The t r i a n g u l a t i o n   l o c a t i o n   s y s t e m  
r e m o t e   e l e c t r o n i c s  were i n s t a l l e d  a t  Socorro  and  Magdalena, New Mexico,  with 
t h e   c e n t r a l   f a c i l i t y  a t  t h e  New Mexico  Tech  campus. 

SYSTEM COMPARATIVE PERFORMANCE 

To d e t e r m i n e   t h e   r a d i a l   c o v e r a g e   o f   i n t e r e s t   w h i c h   e n s u r e s   t i m e l y   m i n e  
evacuat ion ,  a s t u d y  w a s  made of s imula t ed   p rema tu re   de tona t ions   ve r sus  
d i s t a n c e   t o   t h e   l i g h t n i n g   s t r i k e  as r e c o r d e d   b y   t h e   t r i a n g u l a t i o n   l o c a t o r .  
These   da ta  are  shown i n   F i g u r e  6 .  There were 90 i n c i d e n c e s   o f   t h e  al l-fire 
c o n d i t i o n ,   1 5 0   i n s t a n c e s   g r e a t e r   t h a n   t h e  no f i r e   t h r e s h o l d .  As shown o n   t h e  
graph, when a p r e m a t u r e   d e t o n a t i o n   o c c u r s ,   t h e   p r o b a b i l i t y  is  80 p e r c e n t   t h a t  
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t h e   l i g h t n i n g  strike was a t  18 km r a n g e   o r  less. This curve   canno t   be   u sed   t o  
i n f e r   t h e   p r o b a b i l i t y   o f   p r e m a t u r e   d e t o n a t i o n  as a f u n c t i o n   o f   d i s t a n c e .  
R a t h e r ,   t h e   c u r v e   i n d Y c a t e s   t h e   p r o b a b i l i t y   t h a t   t h e  strike w a s  w i t h i n  a given 
d i s t a n c e   o r  less f rom  the   s enso r s   g iven  a p rema tu re   de tona t ion   has   occu r red .  

The per formance   parameters   o f   the  LWS's from  which  comparative 
performance i s  d e r i v e d  are the   fo l lowing :  

Mean Warning T i m e :  The time e lapsed   be tween   f i r s t   warn ing   and  
s t o r m  a r r iva l  a t  18 km r a d i u s .   P o s i t i v e  t i m e  i m p l i e s  
tine b e f o r e   r e a c h i n g  18 km. Negat ive  t i m e  i m p l i e s  tine a f t e r  
t h e   s t o r m   r e a c h e s  18  km rad ius .   Ze ro  mean warning tim means 
alarm f i r s t   o c c u r r e d  when t h e   s t o r m  w a s  a t  18 km r a d i u s .  

P e r c e n t   I n c i d e n c e   o f   F a l s e  A l a r m :  The p e r c e n t a g e   o f   t o t a l  alarms 
fo r   wh ich   an  alarm was given when no s t o r m   e v e n t  was o b s e r v a b l e .  

P e r c e n t   I n c i d e n c e   o f   F a i l u r e   t o  A l a r m :  The p e r c e n t a g e   o f  
t o t a l   s t o r m   e v e n t s   w i t h i n  18 km range   for   which   no  alarm w a s  
given.  

Percent   Val id   Alarms:   Percent   o f  alarm e v e n t s   f o r   w h i c h   s t o r m  
a c t i v i t y  w a s  w i t h i n  18 km range. 

Mean T i m e  t o  Clear: Time a f te r  s torm  events   passed   beyond 18 km 
r a n g e   t o  clear t h e  alarm c o n d i t i o n  of t h e  LWS. 

The average  warning time of   each  system is  de termined  as follows:  Based 
upon 18 km r a d i u s   a b o u t   t h e  s i te ,  a hazard  exis ts  when (1) a rada r   echo   o f  
"heavy"  (VIP level 3)  o r  m o r e   h a s   e n t e r e d   t h e   p e r i p h e r y ,  (2)  thunder  is 
r e p o r t e d  by t h e   o p e r a t o r ,  (3 )  l i g h t n i n g   h a s   b e e n   o b s e r v e d ,   o r  ( 4 )  premature 
s i m u l a t e d   d e t o n a t i o n   h a s   o c c u r r e d   a n d  30 minutes  i s  s u b t r a c t e d .  

The t i m e  t o  c lear  was determined by r e c o r d i n g   t h e  time a t  which (1) r a d a r  
echoes  of  "heavy"  (VIP level  3 )  o r  more  had l e f t   t h e  18 km c i r c l e ,  ( 2 )  30 
minu tes   had   t r ansp i r ed   s ince   t he  l a s t  p r e m a t u r e   d e t o n a t i o n   o r  ( 3 )  t h e   o p e r a t o r  
was a b l e   t o   v i s u a l l y   a s c e r t a i n   t h a t  no h a z a r d o u s   c o n d i t i o n   e x i s t e d   w i t h i n   t h e  
area of i n t e r e s t .  

RESULTS 

Table  I i s  t h e  summary d a t a   f o r   t h e   p e r f o r m a n c e   o f   t h e   s i x   s y s t e m s   u n d e r  
f r o n t a l   s t o r m   c o n d i t i o n s .  The t a b l e  shows t h a t   t h e   c o r o n a   p o i n t   d e v i c e   a n d  
a z i m u t h l r a n g e   l o c a t o r  were g e n e r a l l y   u n s u i t a b l e   f o r   w a r n i n g .  The co rona   po in t  
dev ice   i nd ica t ed   warn ing   on   t he   ave rage   o f  20 m i n u t e s   a f t e r   t h e   h a z a r d o u s  
c o n d i t i o n s  were i n   e f f e c t .  The d e v i c e   a l s o   i n d i c a t e d  a c lear  c o n d i t i o n  1 9  
m i n u t e s   p r i o r   t o   t h e   r e t u r n   o f  a " sa fe"   cond i t ion .  Had t h e  alarm t h r e s h o l d  
been   dec reased   t o ,   s ay ,  10 mic roamperes ,   t he   a l r eady   h igh   f a l se  alarm ra t e  of 
27 p e r c e n t   w o u l d   h a v e   s i g n i f i c a n t l y   i n c r e a s e d .  
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I n   t h e  case o f  the az imuth / r ange   l oca to r ,   t he   r ang ing   a lgo r i thm  p roduced  
73   pe rcen t   f a l se   a l a rms   wh ich   r educes  i ts  e f f e c t i v e n e s s   f o r   u s e  as a warning 
d e v i c e   i n   t e r m s   o f   t h e  cr i ter ia  f o r   t h i s  program. 

The performance of t h e   r e m a i n i n g   f o u r   d e v i c e s  i s  r e l a t i v e l y  similar w i t h  
t h e   f i e l d  mill s y s t e m   e x h i b i t i n g  a somewhat h i g h e r   f a l s e  alarm ra te  t h a n   t h e  
o t h e r   f o u r .  

Thunders torms   observed   dur ing   the   per iod  1 June   1979   t o  15 Ju ly   1979 a t  
KSC, F l o r i d a  were f r o n t a l   p a s s a g e s   d u r i n g   t h e   e a r l y   p a r t   o f   t h e   e x p e r i m e n t   a n d  
p r e d o m i n a t e l y   c o n v e c t i v e   ( d u e   t o   l o c a l   s u r f a c e   h e a t i n g )   t h r o u g h o u t   t h e  
r ema inde r   o f   t he   pe r iod .  The c o n v e c t i v e  ce l l s  gene ra l ly   fo rmed   sou th   o f  KSC 
and moved t o w a r d   t h e   n o r t h e a s t   d u r i n g   t h e i r   l i f e t i m e .  The a v e r a g e   d u r a t i o n   o f  
e lec t r ica l  s to rm  haza rd  w a s  one  hour  and  forty-two  minutes.  

The  summary d a t a   f o r   t h e  s ix  systems are  shown i n   T a b l e  11. These   da ta  
ref lect  alarm c o n d i t i o n s   d u r i n g   t h e   p e r i o d  when t h e  tes t  o p e r a t o r  w a s  p r e s e n t  
a t  t h e  s i te .  The o p e r a t o r   r e c e i v e d   s t o r m   i n f o r m a t i o n   f r o m   t h e  A i r  Weather 
Service a t  Cape Canaveral   on 45 km a le r t  r a d i u s .  Data a c q u i s i t i o n  w a s  
i n i t i a t e d  when t h e   o p e r a t o r   a r r i v e d   o n  s i te .  C o n t i n u a l   o b s e r v a t i o n s  as i n   t h e  
San  Antonio test were n o t   f e a s i b l e .  Bias ( i f   a n y )   i n   t h e s e   d a t a   t e n d s   t o  
u n d e r e s t i m a t e   t h e   f a l s e  alarm ra t e  and mean a la rm times. 

Throughout t h i s  t e s t ,  t h e   c o r o n a   p o i n t   d e v i c e   e x h i b i t e d  e r r a t i c  b e h a v i o r ,  
p a r t i c u l a r l y   r e g a r d i n g   t h e   l e n g t h y  t i m e  t o   r e a c h   c l e a r e d   s t a t u s .   ( F o r  
example,   due  to   causes  unknown t h i s   d e v i c e   c o n s t a n t l y   f a l s e   a l a r m e d   b e t w e e n  
approximately 7 and 11 p.m. t h r o u g h o u t   t h e   t e s t ) .   T h i s  i s  p r i m a r i l y  
a t t r i b u t e d   t o   t h e   p o o r   g r o u n d   p r o v i d e d   b y   t h e   s a n d y   s o i l  a t  t h e  s i te .  The 
pe r fo rmance   o f   t he   f l a sh   coun te r  w a s  less f a v o r a b l e   t h a n   i n   t h e   S a n   A n t o n i o  
tes t .  T h i s   d e v i c e   r e q u i r e d   c o n t i n u a l   a d j u s t m e n t s   i n   s e n s i t i v i t y   d u e   t o  i t s  
h i g h   s u s c e p t i b i l i t y   t o   r a d i o   f r e q u e n c y   i n t e r f e r e n c e .   D u r i n g   t h e   e x p e r i m e n t s  
a t  KSC, f l a s h   c o u n t e r   f a l s e  alarm ra t e  measurements were v i t i a t e d   b y   t h e   h i g h  
i n c i d e n c e  o f  c o u p l e d   e x t r a n e o u s   n o i s e   a n d   i n t e r f e r e n c e .  

The t h r e e   s y s t e m s   e x h i b i t i n g   c o n v e n t i o n a l   w a r n i n g   p e r f o r m a n c e   d u r i n g   t h i s  
test were t h e  (1) r a d i o a c t i v e   p r o b e ,  ( 2 )  f i e l d  mill dev ice ,   and  ( 3 )  
t r i a n g u l a t i o n   l o c a t o r .  

Thunders torms   observed   dur ing   the   per iod  21 J u l y   1 9 7 9   t o  20 August  1979 
a t  Langmuir  Laboratory,  New Mexico, were c o n v e c t i v e   t y p e  cel ls  i n i t i a t e d  by 
moun ta inous   t e r r a in .  The cumulus   bu i ldup   gene ra l ly   s t a r t ed   ove r   t he   moun ta in  
r idges   and  w a s  swept   eas tward   or   remained   s ta t ionary   over   the   mounta in   tops .  
The a v e r a g e   s t o r m   h a z a r d   d u r a t i o n  w a s  one   hour   and   t h i r ty   minu te s .  

Shown i n   T a b l e  I11 is t h e  summary of   system  performance  for   mountainous 
t e r r a i n .  The s i t e  w a s  opera ted   on  a twenty-four-hour   basis .  The measured 
d a t a   f o r   t h e   a z i m u t h / r a n g e   l o c a t o r  is more r e p r e s e n t a t i v e   o f   s y s t e m  
p e r f o r m a n c e   r e g a r d i n g   f a l s e  alarms t h a n   r e p o r t e d   i n   T a b l e  11. I n   t h i s  case t h e  
sys t ems   wh ich   r evea led   bes t   ove ra l l   pe r fo rmance  were t h e   r a d i o a c t i v e   p r o b e ,  
t h e   f i e l d  mill d e v i c e   a n d   t h e   t r i a n g u l a t i o n   l o c a t o r .  
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The o b s e r v a t i o n s   r e v e a l e d  two s i g n i f i c a n t  phenomena no t   obse rved  a t  t h e  
l o w e r   a l t i t u d e  tes t  sites: (1) a top   t he   moun ta in ,  E f i e l d s   o f  15-20 KV/meter 
were common; maximum e l e c t r o s t a t i c   f i e l d s   m e a s u r e d  a t  low a l t i t u d e  were o f   t h e  
o r d e r  of 1-5 KV/rneter; (2) e i g h t y   p e r c e n t   o f  all s i m u l a t e d   d e t o n a t i o n s  
o c c u r r e d  a t  t h e  New Mexico s i t e  as compared  with  the two p r e v i o u s  sites. This  
o c c u r r e d   i n   s p i t e   o f   t h e   f a c t   t h a t   n u m e r o u s   c l o u d - t o - g r o u n d   s t r i k e s  were 
o b s e r v e d   i n   c l o s e   p r o x i m i t y   ( l e s s   t h a n  4 km) a t  b o t h   o f   t h e   o t h e r  sites. 

CONCLUSIONS 

1. 

2. 

3 .  

4 .  

5. 

6. 

The e v a l u a t i o n   s t u d y   h a s   r e v e a l e d   t h a t  a t r u l y   a u t o m a t e d ,   s i n g l e  s i t e  
l i g h t n i n g   w a r n i n g   s y s t e m   m u s t   h a v e   t h e   c a p a b i l i t y   o f   m e a s u r i n g  
a t  least  t h r e e   p a r a m e t e r s   t o   b e   e f f e c t i v e   t o  18 km range.  The 
parameters  are: (1) e l e c t r o s t a t i c   f i e l d ,  ( 2 )  e l ec t r i ca l  d i s c h a r g e  ra te  
( s f e r i c s ) ,   a n d  ( 3 )  a tmospher ic   no ise   background level .  Sys tem  des ign  
m u s t   t a k e   i n t o   a c c o u n t   p h y s i c a l   a n d   r a d i o   f r e q u e n c y   e n v i r o n m e n t a l  
f a c t o r s .  

The s i n g l e  m o s t   i m p o r t a n t   l i g h t n i n g   w a r n i n g   s t a t i s t i c   r e q u i r i n g  
improvement i s  t h e   f a i l u r e   t o  alarm rate.  Improved  performance i s  
p o s s i b l e  by i n c o r p o r a t i n g   a n   a d a p t i v e   t h r e s h o l d   c a p a b i l i t y   i n  
the   warn ing   sys tem.  

Pe r fo rmance   f a i lu re s   o f  t h e   c o r o n a   p o i n t   s e n s o r   t e s t e d   o u t w e i g h  i ts  
p o t e n t i a l   u s e f u l n e s s  as a l i gh tn ing   warn ing   sys t em.  

The a z i m u t h / r a n g e   l o c a t o r   t e s t e d  i s  n o t   c o n s i d e r e d   t o   b e  a u s e f u l  
l i g h t n i n g   w a r n i n g   s y s t e m   d u e   t o   t h e   h i g h   f a l s e  alarm rate .  

The t r i a n g u l a t i o n   l o c a t o r   p r o v i d e d   b e s t   p e r f o r m a n c e   s t a t i s t i c s   o f  
a l l  u n i t s   t e s t e d .  However, t h i s   u n i t   l a c k s   c a p a b i l i t y   t o   s e n s e   o v e r h e a d  
bui ldup .  

Us ing   p re sen t   t echno logy   s ing le   po in t   l i gh tn ing   warn ing   can   be   p rov ided  
by  combining a r a d i o a c t i v e   p r o b e   o r   f i e l d  mill, f l a s h   c o u n t e r ,   a n d  
background   s ens ing   dev ice   capab le   o f   adap t ive   warn ing   t h re sho ld  
ad jus tment  . 
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TABLE I .  - FRONTAL  TYPE  STORM SUMMARY 

DEVICE 

R a d i o a c t i v e  

F i e l d  Mill 

Corona  
P o i n t  

F l a s h  
C o u n t e r  

T r i a n g u l a -  
t i o n  
L o c a t o r  

Azimuth/ 
Range 
L o c a t o r  

iVERAGE 
JARNING 

" "" 

:M_I.Y?"E?l " . 

33 

40 

-20  

35 

21 

1 2 1  

. -  
FALSE 
ALARM 
RATE 

" 

9% 

1 8 %  

27% 

0% 

0% 

73% 

"" 

9% 

9% 

55% 

9% 

9% 

0% 

ALARM 
RELI- 
ABILITY ___ 

91% 

82% 

73% 

100% 

100% 

27% 

TIME TO 
CLEAR 
(MINUTES) 

1 5  

22  

-19 

44 

5 

109 
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TABLE r I .  - KSC STORM SUMMARY 

DEVICE 

R a d i o a c t i v e  

F i e l d  Mill 

Corona 
P o i n t  

F l a s h  
C o u n t e r  

r r i a n g u l a -  
t i o n  
L o c a t o r  

4 z i m u t h l  
Range 
L o c a t o r  

DEVICE 

R a d i o a c t i v e  

F i e l d  Mill 

Corona 
Po i n  t 

F l a s h  
C o u n t e r  

T r i a n g u l a -  
t i o n  
L o c a t o r  

Azimuth /  
Range 
L o c a t o r  

AVERAGE 
WARNING 
(MINUTES) 

28 

27 

-15 

32 

2 1  

39 

i 

FALSE 
ALARM 
RATE 

0% 

0% 

0% 

0% 

0% 

0% 

FAILURE 
TO  ALARM 
RATE 

10% 

15% 

80% 

55% 

6% 

5% 

ALARM 
RELI- 
ABILITY 

100% 

100% 

100% 

100% 

100% 

100% 

TABLE 111. - MOUNTAINOUS  TYPE  STORM SUMMARY 

LVERAGE 
JARNING 
:MINUTES) 

2 1  

50 

-20 

-4 

20 

101 

FALSE FAILURE 
ALARM TO ALARM 
RATE RATE 

0% 27% 

0% 20% 

0% 80% 

I 

1 64% 

ALARM 
REL I - 
ABILITY 

100% 

100% 

100% 

100% 

100% 

18% 

" 

c 

TIME TO 
CLEAR 
(MINUTES: 

-8 

9 

22 

-18 

-4 

1 7  

TIME TO 
CLEAR 
(MINUTES 

33 

67 

40 

23 

0 

1 1 7  
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Figure 1.- Southwest   Research  Inst i tute   deployment   in  San Antonio, Texas. 

C"""1 
W I R E  I 1001 

y T 0  POWER 

FN 1 1 ". ARC-OVER  CIRCUIT 600' 

6 '  GNO 
STAXE 

3:O 

ARC-OVER  CIRCUIT 600' 

STAXE 

3 0 '  

CORONA 
POINT 

A N T E N N A  n I05 ' 
R G - 8  

A N T E N N A  
T R A N S M I T T E R  

CAMERAS 
A N T  FOR 

SWRl S ITE  LAYOUT-OVERHEAD  V IEW < 1000' OF W I R E  
BRIDGE WIRE 

CIRCUIT 

Figure 2.-  Southwest   Research  Inst i tute  site l a y o u t  - overhead view. 
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Figure  3.- I n t e r i o r  view of mobile l abora to ry .  

F igure  4.- Kennedy Space  Center  deployment. 
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Figure 5.- Socorro,  New  Mexico deployment. 

Figure 6.- Lightning strike  distance on predetonation. 
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AN AUTOMATIC  LOCATING  SYSTEM FOR CLOUD-TO-GROUND LIGHTNING 

E. Phil i p  Krider, A1 b u r t  E. P i  f e r ,  and Martin A. Uman 
L i g h t n i n g  Location and Protection , Inc. 

SUMMARY 

Extensive  networks  of  magnetic  direction-finding ( D F )  s t a t i o n s   a r e  
currently  operating  throughout  the  western  United  States,  Alaska, and  Canada 
t o  f ac i l i t a t e   t he   de t ec t ion   o f  1 ightning-caused  forest   f ires.   Similar  systems 
a r e  being used in  the Tampa Bay area and  Scandinavia  to  evaluate  the  effects 
of  l i g h t n i n g  on e l e c t r i c  power d i s t r i b u t i o n   l i n e s ,  and  i n  S o u t h  Florida t o  
de te rmine   the   bas ic   l igh tn ing   s ta t i s t ics  and  t he i r   r e l a t ionsh ip   t o   t he   s to rm 
dynamics. Each de tec t ion   s ta t ion   conta ins  a new, wideband d i rec t ion- f inder  
t h a t  responds  primarily  to  cloud-to-ground  l ightning a n d  t h a t  d iscr iminates  
against  cloud  discharges and  background noise.  Good angle  accuracy i s  ob- 
ta ined by measuring  the  l ightning  direction a t  jus t   the   t ime t h a t  the   re turn  
s t roke   magnet ic   f ie ld   reaches   i t s   in i t ia l  peak. L i g h t n i n g  l oca t ions   a r e  com- 
puted  automatically from the  intersect ions  of   s imultaneous  direct ion  vectors  
a n d / o r  from the  ra t io   of   the   s ignal   s t rengths  measured a t  2 ,  3 ,  o r  4 d i r ec t ion -  
f ind ing   s i t e s .  The development of  these  systems  has  proved t o  be a s i g n i f i -  
cant   a id  i n  f i r e  management a n d  i n  l igh tn ing   research .  

INTRODUCTION 

Each year   l ightning  s tar ts   approximately  10,000  wildland  f i res  i n  the  
United S ta t e s .  The l i g h t n i n g   f i r e  hazard  i s   p a r t i c u l a r l y   s e r i o u s  i n  remote, 
unpopulated  areas  because  of  the  greater  difficulty  of  early  detection and  
suppression.  Meteorological  satell i tes a n d  weather  radars can i d e n t i f y  con- 
vective  cloud  systems a n d  p r e c i p i t a t i o n ,  b u t  n o t  l ightning.   Since some clouds 
produce much p rec ip i t a t ion  b u t  l i t t l e   l i g h t n i n g ,  and  since  others  produce 
l igh tn ing  b u t  r e l a t i v e l y   l i t t l e   p r e c i p i t a t i o n ,  a system which automatical ly  
de t ec t s  a n d  l oca t e s   t he   l i gh tn ing   i t s e l f   i s   h igh ly   des i r ab le .  Here we b r i e f l y  
descr ibe a new l igh tn ing   l oca t ing  system t h a t  has been developed t o  f a c i l i t a t e  
the   de tec t ion   of   l igh tn ing-caused   f i res .  

A typical  1 i g h t n i n g  discharge t o  g r o u n d  o r  f lash   conta ins   severa l   l a rge  
current  surges or  s t rokes   ( see  Uman, 1969 [ref .  m r  a review  of  basic 
l i gh tn ing  phenomena). A f lash  begins w i t h  a f a i n t   l e a d e r ,  which  proceeds 
rather  slowly from cloud  to g r o u n d  i n  a s e r i e s   o f   sho r t  luminous s t eps .  When 
this  stepped  leader  contacts  the  ground, a very  energet ic  and b r i g h t  re turn  
s t roke  propagates   rapidly back u p  the  ionized p a t h  es tab l i shed  by the   l eader .  
After a pause o f  30-50 mil l iseconds,  a d a r t  l eader   o f ten  forms and i s  followed 
by another  bright  return  stroke  propagating upward. A typ ica l   f lash  t o  g round  
contains   three or four  leader-return  stroke  combinations,  which almost  always 
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transfer  negative  charge t o  ground.  The currents  i n  re turn  s t rokes  typical ly  
r i s e  t o  peak values  of 10-40 kA i n  1-10 psec or l e s s .  

LOCATING SYSTEM 

F i g .  I shows a block  schematic d iagram of  the  lightning  locating  system. 
Each of 2 ,  3 ,  or 4 remote direction-finding  stations  transmits  l ightning 
direction and  signal  strength d a t a  t o  a central   posit ion  analyzing  station. 
The position  analyzer  receives d a t a  from the  remote  direction  finders,  cal  cu- 
la tes   the   l igh tn ing   pos i t ions ,  a n d  ou tputs   the   resu l t s  i n  real-time  to a 
d ig i ta l  x-y p l o t t e r ,  a magnetic  tape  recorder, a n d / o r  a local d a t a  terminal. 
The system provides  the  time a n d  location  of each discharge,  the number of 
return  strokes i n  each f lash ,  and  the peak amplitude  of  the f i r s t   r e t u r n  
stroke  magnetic  field. 

Direction  Finder 

Each direct ion  f inder  ( D F )  senses  the  electromagnetic  fields  radiated by 
1 i g h t n i n g  on two orthogonal  magnetic-loop  antennas a n d  on a f l   a t -p la te  el  ec- 
t r i c  antenna. The bandwidths of  the  antenna  system a r e  wide (approximately 
1 kHz -. 1 MHz) so t h a t  the  shapes and  po lar i t ies   o f   the   l igh tn ing   f ie ld  wave- 
forms are  preserved. The voltage produced by the  electronics  associated w i t h  
each  magnetic  loop i s  p r o p o r t i o n a l  to   the  l ightning 
by the  cosine  of  the  angle between the  plane  of  the 
the incoming f ie ld .   Therefore ,   the   direct ion  of  a 
determined from the  ra t io   of   the   s ignals  on  the two 
a r d  technique i n  radio  direction  f inding. 

- .  

In order t o  optimize  accuracy a n d  t o  el iminate 
electronics  are  designed t o  respond t o  only  those f 
c h a r a c t e r i s t i c  of return  strokes i n  cloud-to-sround 

magnetic f i e l d  mu1 t i p 1  ied 
loop and the  direction  of 
i g h t n i n g  f lash can  be 
orthogonal  loops, a stand- 

background noise,   the DF 
e ld  waveshapes t h a t  a re  
fl   ashes.  The DF electron- 

ics   require   the  incident   l ightning  f ie ld  t o  have a risetime,  width, and  sub- 
s id ia ry  peak s t ructure   character is t ic   of  a re turn  s t roke.  The e l e c t r i c   f i e l d  
must have a pos i t ive   in i t ia l   po lar i ty   ( the   po lar i ty  produced when negative 
charge i s  lowered toward g r o u n d ) ,  a n d  the  f ield  overshoot  following  the  ini-  
t i a l  peak must n o t  be t o o  l a r g e   r e l a t i v e  t o  t h e   f i r s t  peak. The risetime and  
bipolar  shape  requirements  also  serve t o  e l iminate   very  dis tant  ( >  400 k m )  
l ightning  s ignals  because the  effects   of  p r o p a g a t i o n  increase  the  f ie ld   r ise-  
times ( r e f .  Z ) ,  a n d  dis tant   ionospheric   ref lect ions  are   of ten  large and i n -  
verted w i t h  respect t o  t h e   i n i t i a l  g r o u n d  wave ( r e f .  3 ) .  

In order t o  provide an optimum detection  efficiency  over a wide dynamic 
range,  the DF contains b o t h  h i g h -  a n d  low-gain a n a l o g  c i r c u i t s  t h a t  operate i n  
para l le l .  The f i e l d  shape c r i t e r i a  can be d i f f e r e n t  i n  the h i g h -  a n d  low-gain  
sections because  the  shapes  of  near a n d  d i s tan t   l igh tn ing   s igna ls   a re   usua l ly  
d i f f e r e n t   ( r e f s .  2 ,  4 ) .  Since  the  shapes  of f i r s t  a n d  subsequent  stroke 
f i e lds   a r e   a l so   d i f f e ren t ,   t he  shape cri teria  are  automatically  switched t o  
values   appropriate   for   subsequent   s t rokes  af ter   the   f i rs t   s t roke in a f l a s h   i s  
detected. 
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When a r e t u r n - s t r o k e   f i e l d   i s   d e t e c t e d ,   t h e   m a g n e t i c   d i r e c t i o n   i s   d e t e r -  
mined a t   j u s t   t h e   t i m e   t h a t   t h e   r a d i a t i o n   f i e l d   r e a c h e s   i t s   i n i t i a l  peak. A t  
t h i s   t i m e ,   t h e   s t r o k e   c u r r e n t   i s   s t i l l   w i t h i n   a b o u t  100 m o f   t h e  ground, so 
t h a t   a n y   e r r o r s   i n   m a g n e t i c   d i r e c t i o n   d u e   t o   h o r i z o n t a l   c h a n n e l   s e c t i o n s   a n d  
b r a n c h   c u r r e n t s   a r e   m i n i m i z e d   ( r e f s .  5, 6), a n d   e r r o r s   d u e   t o   i o n o s p h e r i c   r e -  
f l e c t i o n s   ( r e f .  7 )  a r e   e l i m i n a t e d .   A l s o ,   b y   s a m p l i n g   a t   t h i s   t i m e ,   t h e  mag- 
n e t i c   d i r e c t i o n   i n d i c a t e s   t h e   l o c a t i o n   o f   t h e   g r o u n d   c o n t a c t   p o i n t   r a t h e r   t h a n  
some e l e v a t e d   p o r t i o n   o f   t h e   c h a n n e l .  The a n g u l a r   a c c u r a c y   o f  a DF system i s  
t y p i c a l l y  1 -2  d e g r e e s   o r   b e t t e r   ( r e f .  5 ) ,  a v a l u e   w h i c h   i s   u s u a l l y   m o r e   t h a n  
a d e q u a t e   t o   r e s o l v e   i n d i v i d u a l   c e l l s   o f   e l e c t r i c a l   a c t i v i t y   w i t h i n   l a r g e r  
c l  oud  sys  tems. 

A photograph o f   t h e  DF e l e c t r o n i c s   i s  shown i n   f i g u r e  2 .  The system i s  
d e s i g n e d   t o   o p e r a t e   e i t h e r   i n  a s tand -a lone  mode, o f t e n   i n   c o n j u n c t i o n   w i t h  a 
w e a t h e r   r a d a r ,   o r   a s   p a r t   o f  a l a r g e r   n e t w o r k   w i t h   a n   a u t o m a t i c   p o s i t i o n  
a n a l y z e r .   I n   t h e   f o r m e r   c a s e ,   t h e   l i g h t n i n g   d i r e c t i o n s   a r e   p l o t t e d   o n   a n  
a n a l o g   x - y   r e c o r d e r   o n  a compass g r i d   w i t h   t h e   l e n g t h   o f   e a c h   v e c t o r   b e i n g  
p r o p o r t i o n a l   t o   t h e   p e a k   a m p l i t u d e   o f   t h e   f i r s t   s t r o k e   f i e l d .   C l u s t e r s   o f  
v e c t o r s  show t h e   d i r e c t i o n s   a n d   a n g u l a r   e x t e n t   o f   i n d i v i d u a l   s t o r m   c e l l s ,   a n d  
i f  w e a t h e r   r a d a r   d a t a   a r e   a v a i l a b l e ,   t h e n   t h e  1 i g h t n i n g   c l u s t e r s   c a n   b e   u s e d  
t o   i d e n t i f y   w h i c h   e c h o s   a r e   p r o d u c i n g   l i g h t n i n g   a n d   w h i c h   e c h o s   a r e   n o t .   W i t h  
some e x p e r i e n c e ,   t h e   o p e r a t o r   o f  a s i n g l e  DF s y s t e m   c a n   o f t e n   e s t i m a t e  an 
a p p r o x i m a t e   r a n g e   t o  a s t o r m   u s i n g   j u s t   t h e   a v e r a g e   l i g h t n i n g   s i g n a l   s t r e n g t h  
w i t h i n  a g i v e n   c e l l .  

A m i c r o c o m p u t e r   s u b s y s t e m   b u i l t   i n t o   e a c h  DF d i g i t i z e s  a n d   s t o r e s   t h e  
s i g n a l s   f o r  up t o  8 r e t u r n   s t r o k e s   i n  each f l a s h   t o   g r o u n d ,   c o m p u t e s   t h e  
a n g l e s   t o   e a c h   s t r o k e ,  and s t o r e s   t h e   r e s u l t s   i n  a b u f f e r  memory f o r  subse- 
q u e n t   o u t p u t .  The t ime ,   ang l   e ,   s i gna l  amp1 i tude,  and  the  number o f   r e t u r n  
s t r o k e s   f o r   t h e   m o s t   r e c e n t   f l a s h   a r e  shown on a f r o n t   p a n e l  LED d i s p l a y   a n d  
can  be  typed  on a l o c a l   d a t a   t e r m i n a l  , i f  d e s i r e d .   U n d e r   m o s t   c o n d i t i o n s ,   t h e  
a m p l i t u d e   o f   t h e   f i e l d  a t  a g i v e n   r a n g e   a n d   t h e   m u l t i p l i c i t y   o f   r e t u r n   s t r o k e s  
a r e   g o o d   i n d i c a t o r s   o f   t h e   s e v e r i t y   o f   t h e   d i s c h a r g e .  The t o t a l  number o f  
f l a s h e s   t h a t   a r e   d e t e c t e d   e a c h   h o u r ,   o r   f o r  a n   o p e r a t o r - d e t e r m i n e d   t i m e   i n t e r -  
v a l  , a r e   a v a i l a b l e   f o r   d i s p l a y   o n   t h e   f r o n t   p a n e l   o r   f o r   t y p i n g  on command. 
The DF microcomputer  can  a1 so t r a n s m i t   t h e   a n g l e   a n d   s i g n a l   s t r e n g t h   d a t a   f o r  
e a c h   d i s c h a r g e   t o   t h e   r e m o t e   p o s i t i o n - a n a l y z i n g   s t a t i o n   w h e r e   i n d i v i d u a l  
1 i g h t n i n g   l o c a t i o n s   a r e   c o m p u t e d   a u t o m a t i c a l l y   i n   r e a l - t i m e .  

P o s i t i o n   A n a l y z e r  

The p o s i t i o n   a n a l y z e r   i s  a preprogrammed  microcomputer  system  which  auto- 
m a t i c a l l y   c o m p u t e s ,  m a p s ,   a n d   r e c o r d s   l i g h t n i n g   l o c a t i o n s   i n   r e a l - t i m e   u s i n g  
a s   i n p u t s   t h e   d a t a   g e n e r a t e d   b y  2, 3 ,  o r  4 DF s t a t i o n s .  The d a t e   a n d   t i m e   a r e  
p r o v i d e d   b y   a n   i n t e r n a l   c r y s t a l   - c o n t r o l l e d   c a l e n d a r   c l o c k   w i t h  a b a t t e r y   b a c k -  
u p   p o w e r   s u p p l y .   I n   n o r m a l   o p e r a t i o n ,   t h e   t i m e ,   a z i m u t h   a n g l e ,   r a n g e ,   a n d   t h e  
number o f   r e t u r n   s t r o k e s   f o r   t h e   m o s t   r e c e n t   d i s c h a r g e   a r e   d i s p l a y e d   c o n t i n u -  
o u s l y   o n  a f r o n t   p a n e l  LED d i s p l a y   ( s e e   f i g u r e  3 ) .  The t i m e ,   t h e   l i g h t n i n g  
l o c a t i o n ,   t h e  number o f   s t r o k e s ,   a n d   t h e   p e a k   s i g n a l   s t r e n g t h s  ( i f  d e s i r e d )  
can  be  typed  on a l o c a l   d a t a   t e r m i n a l   a n d / o r   t r a n s m i t t e d   b a c k   t o   t h e   r e m o t e  
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d i r e c t i o n - f i n d i n g   s i t e s .  The format  of  the  typed  locations can be ( i )  angle- 
range w i t h  respec t  t o  any des i red   o r ig in  w i t h  the d is tance  units i n  k i l o f e e t ,  
k i lometers ,   s ta tu te   mi les ,  or naut ical   miles;  ( i i )  North-South and East-West 
coord ina tes ;   o r  ( i i i )  a la t i tude- longi tude   format .  The posi t ion  analyzer  can 
p lo t   l i gh tn ing   l oca t ions  i n  real- t ime on a d i g i t a l  x - y  p l o t t e r   o r  CRT terminal 
and can record   a l l   l igh tn ing  d a t a  on magnetic  tape. The tape-recorded d a t a  
can be rep lo t ted  on any o f  100 p re se t  map sca les   o r   re t ransmi t ted  back to   t he  
remote DF s i t e s .  The da te ,   the   t ime,   the   to ta l  number o f   l igh tn ing   d i scharges  
which have been de tec ted ,  a n d  a v a r i e t y   o f   o t h e r   s t a t i s t i c s   a r e   s t o r e d  i n  t he  
posi t ion  analyzer  memory and  a r e   ava i l ab le   fo r   ou tpu t  a t  pe r iod ic   i n t e rva l s  or 
on command. 

The loca t ions   o f   the  DF s i t e s  a n d  a l l   o t h e r  program data   are   s tored i n  a 
write-protected  magnetic memory t h a t  i s  immune t o  power outages.  The l i gh tn ing  
loca t ions   a r e  computed by t r i angu la t ion  u s i n g  simultaneous DF angles  o r ,  i f  
necessary  (such  as when a d i scha rge   i s   nea r   t he  base1 ine  of  a 2-DF system), 
using  the DF angles  and  t h e   r a t i o  o f  f i r s t - s t roke   f ie ld   ampl i tudes .  The loca- 
t ions   o f   a l l   d i scharges  which occur w i t h i n  a preset   rectangular  region  unique 
t o  each DF s i t e  can be t ransmit ted back t o  each DF i n  any desired  format  rela- 
t i v e  t o  a coordinate   or igin  located a t  the  remote s i t e .  

The d i r ec t ion   f i nde r  and p o s i t i o n  analyzer  computers  each  contain a com- 
p l e t e   s e t   o f   t e s t  programs which  can be used t o  check a1 1 components o f   t he  
system. The posit ion  analyzer  continuously  monitors  the status o f   a l l   t h e  DF 
s t a t i o n s  and the   da t a   l i nks ,  a n d  automatical ly   types a d iagnos t ic  message i f  
t he   s t a tus   o f  any DF un i t  or a d a t a  l i n k  changes. 

DETECTION NETWORKS 

The  USDI Bureau o f  Land Management ( B L M )  has been operat ing 1 ightning 
detection  networks i n  the  western U.S. a n d  Alaska s ince  1976 t o  f a c i l i t a t e  
ear ly   de tec t ion   of   l igh tn ing-caused   f i res .   Curren t ly ,   the  BLM s t a t i o n s   a r e  
located a t  t h e   s i t e s  shown in   f igures  4 and  5. Similar  networks  are  also 
operating  in  the Northwest Te r r i t o r i e s ,   On ta r io ,  Saskatchewan, Br i t i sh  Columbia, 
Quebec, and  A1 berta for  f o r e s t - f i r e   d e t e c t i o n .  In f i g u r e s  4 a n d  5, the  nominal 
range  of  each DF i s  shown as a c i r c l e  w i t h  a rad ius  o f  a b o u t  400 km (220 n m ) ,  
a1 t h o u g h  1 arge 1 i g h t n i n g  s igna l s  can o f t en  be detected a t  much grea te r   d i s -  
t a n c e s .   I t  i s  estimated t h a t  each DF s t a t i o n   d e t e c t s  80-90 percent   of   a l l  
cloud-to-ground  flashes  within  the nominal range. F1 a shes   a r e  n o t  d e t e c t e d   i f  
there   a re  unusual f l uc tua t ions  i n  t he   r e tu rn - s t roke   f i e ld   shapes ,   i f   t he   s ig -  
n a l  amp1 i t udes   a r e  below the  system  threshold , or i f   t h e   f l a s h e s  1 ower pos i t i ve  
charge t o  g r o u n d .  The sol   id   l ines  i n  f i gu res  5 a n d  6 show the  communications 
l i n e s  which a r e  used t o  connect i n d i v i d u a l  DF s t a t i o n s  t o  posit ion  analyzers.  
Two examples o f  l i g h t n i n g  posi t ion maps obtained  during 1979 a r e  shown i n  
f igures  6 and 7 .  
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CONCLUDING REMARKS 

To t h e   b e s t   o f   o u r   k n o w l e d g e ,   t h e   s t a t i o n s  shown i n   f i g u r e s  4 and 5 r e p r e -  
s e n t   t h e   l a r g e s t   a n d   t h e   m o s t   a c c u r a t e   l i g h t n i n g   d e t e c t i o n   n e t w o r k s   t h a t   h a v e  
been i n s t a l l e d   a n y w h e r e   i n   t h e   w o r l d .  These  sys tems  have  a l ready   p roved  to   be  
a s i g n i f i c a n t   a i d   i n   w i l d f i r e  management  and i n   f i r e   w e a t h e r   f o r e c a s t i n g .  
D e t e c t i o n   p a t r o l s   a n d   s o m e t i m e s   e v e n   f i r e   s u p p r e s s i o n   c r e w s   a r e  now s e n t  
d i r e c t l y   t o   t h o s e   a r e a s   w h e r e   t h e   p o s i t i o n   a n a l y z e r s  show l i g h t n i n g   i s   o c c u r -  
r i n g .  The e a r l y   w a r n i n g   a n d   i m p r o v e d   d e t e c t i o n   p r o v i d e d   b y   t h e s e   s y s t e m s   h a v e  
r e d u c e d   b o t h   t h e   s i z e   o f   f i r e s  when f i r s t   d e t e c t e d   a n d   t h e   s u p p r e s s i o n   c o s t s .  

W e a t h e r   f o r e c a s t e r s   h a v e   f o u n d   t h e   n e t w o r k s   t o   b e   b e n e f i c i a l   b e c a u s e  
l i g h t n i n g   a n d   a r e a s   o f   d i s t u r b e d   w e a t h e r   a r e   i d e n t i f i e d   i n s t a n t l y   e v e n   i n  
r e m o t e   a r e a s   t h a t   a r e   o u t  o f  r a d a r   r a n g e .  The l o c a t i o n ,   m o t i o n ,   a n d   t i m e -  
development o f  s t o r m s   c a n   o f t e n   b e   u s e d   t o   f o r e c a s t   h a z a r d s   a n d   t o   i m p r o v e  
i n t e r p r e t a t i o n s   o f   t h e   w e a t h e r   r a d a r   d i s p l a y s .  

L i g h t n i n g   d e t e c t i o n   s y s t e m s   s i m i l a r   t o   t h o s e   d e s c r i b e d   a b o v e   a r e   b e i n g  
used i n   s e v e r a l   r e s e a r c h   p r o j e c t s   d e s i g n e d   t o   m e a s u r e  many o f   t h e   b a s i c   c h a r a c -  
t e r i s t i c s   o f   l i g h t n i n g ,   t h e   e f f e c t s   o f   c l o u d   s e e d i n g   o n   l i g h t n i n g ,  and t h e  
e f f e c t s   o f   l i g h t n i n g   o n   e l e c t r i c  p o w e r   d i s t r i b u t i o n   s y s t e m s   ( r e f s .  8, 9, 10, 
11). I n   t h e   f u t u r e ,  we hope f u r t h e r   a p p l i c a t i o n s  o f  such  systems will h e l p   t o  
i m p r o v e   l i g h t n i n g   w a r n i n g s   a n d   r e d u c e   l i g h t n i n g  damage t h r o u g h o u t   t h e   w o r l d .  
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Figure 3.-  The position analyzer and a digital 
x-y plotter with lightning map. 

Figure 4.- The locations of direction finders 
(solid dots)  and position analyzers (open 
circles) in the western U.S. 
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Figure 5.- The locations of direction finders 
(solid dots) and a position analyzer (open 
circle) in  Alaska. 

Figure 6.- A lightning position map obtained on 
July 1, 1979. The location of each flash is 
plotted as a small dot. 
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Figure 7.- A l ightning map obtained  on  June 30 - July 1 ,  1979. 
The loca t ion  of each  f lash  is  p l o t t e d  as a small   dot.  
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A NETWORK OF AUTOMATIC ATMOSPHERICS  ANALYSATORS 
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SUMMARY 

In a new version of  the atmospherics  analysator of  the  Heinrich-Hertz- 
Institute,  Berlin, a desktop  computer is connected to  the  analysator.  The 
computer  collects  all data, makes Gaussian fits to  the  group  time  delay data, 
the spectral  amplitude  ratio data and  the  spectral  amplitude data of  each 
thunderstorm center, determines  its azimuth and stores the appropriate  para- 
meters  on the internal  magnetic  tape  cartridge.  The  capacity of the  tape  car- 
tridge is sufficient to store  all  parameters  which  are  collected within a time 
interval  of at least  one  month.  Applying a propagation model, the distance of 
each  thunderstorm  center is determined  in  real time, so that  the  activity 
centers can be  plotted  immediately onto a map by  means of desktop  plotter. 
Additionally, the data  are  printed  out on the internal  paperstrip printer, and 
also the display of  the parameters on an  oscilloscope  screen  is  possible.  The 
operation of the system is completely  automatic  apart  from a regular exchange 
of the  tape  every  month.  After  copying toa normal computer tape, the digitized 
parameters  can be handled by any  large  computer. At present, three  equipments 
of  this  kind  are (or are  being)  installed  at  Berlin, Pretoria (South  Africa) 
and  Tel  Aviv (Israel). 

METHOD OF MEASUREMENTS 

The  vertical  component  of  the  electric  field E of a single atmospherics 
at  distance p from a receiver can be  expressed by a Fourier integral z 

-W 
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where 

is  the Fourier transform of  the sferic  above  a perfectly conducting earth, and 

is the transmission function of  the wave guide between earth  and  ionosphere 
normalized to  the value of free propagation over a  perfectly  conducting  earth. 

The  atmospherics analyser (ref.]  and 2) of the Heinrich-Hertz-Institute, 
Berlin,measures  the  magnitude of the Fourier transform in ( I )  (spectral ampli- 
tude: SA) : 

of  each  sferic  arriving  at  a  small  band receiver (resonance  frequency 5 kHz) 
at  an  angle of incidence (azimuth) 4 .  

It furthermore  measures  the  ratio  of  the SA at two  frequencies (9 and 5 
kHz) for each  sferic (spectral amplitude ratio: SAR) : 

and  finally  the  instrument  determines  the  second derivative of  the  phase  of  the 
Fourier transform in ( 1 )  (group time  delay: GDD) : 
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A 

is the sum of the  phases of W and EZ in ( I ) ,  and 

w .  + w.r 

is the mid frequency (f = 5 kHz, f 2  = 9 kHz, f = 7 kHz).  

The group time delay At in (6) is the time difference in the pulse arrival 
times at the two freque6:ies 6 kHz and 8 kHz. It is a  measure of the disper- 
sion  characteristics  of the wave guide. 

1 m 

While in the far field, above  a perfec,tly conducting earth, the  electric 
field is directed vertically, the vector of the magnetic field is parallel to 
the ground and perpendicular to the  direction of incidence. Therefore, by 
using a  crossed loop antenna  plus  a whip antenna,  the  angle of incidence  of 
each  sferic  can be determined by conventional  direction finding  techniques, 
and the parameters SA, SAR and GDD are  obtained by the analyser from the  output 
of the whip  antenna. 

DATA  ANALYSIS AND RECORDING 

The probability  distribution  of the spectral  amplitudes SA follows rather 
closely  a  logarithmic  normal  distribution 

" J  Y 
S 

where N is the number  of sferics  exceeding the theshold S, N is the total 
number within the time interval considered, o i s  the root mean square  value 
and 

0 
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A is an amplification  factor depending on the  receiver  characteristics, and 
is  the  statistical mean of / E  1 . KnQwledge of A allows  therefore  to  deter- 

mine the transmission  funktion 7.1 if  Eo  is known, or can be determined  if I W( is known. 
0 

0 

From the  theory  of VLF  propagation, it follows  that in the  case  of  the  first 
mode : 

where  h  is the virtual  height  of the lower  ionosphere (ref.]). More  detailed 
calculations  show  that t also  depends on the  azimuth  of the incoming  signal, 
on  the  geographic  locatiog;  of  source  and receiver, and on the  times  of  day 
and  season (ref.3  and I O ) .  The  GDD  measurements allow therefore to determine 
directly the distance  between  source and receiver if the propagation  conditions 
are  known.  In the near field (up  to some 100km) of the transmitter, the  inter- 
ference of several  modes  in the propagation of VLF waves  gives  rise to  some 
ambiguities in the interpretation of the  data.  This  nonuniqueness  can  be  re- 
duced  considerably  if the SAR data  are  used in addition. 

In  the  first mode  approximation, SAR like  GDD  is  a  linear  function  of 
distance: 

where the constants a1 and c1 can be taken  from  model  calculations (ref. 10, I 1  
and 12). However, the deviatlons of the GDD and SAR from  linearity  due to 
higher  order  modes  in the near  field  are to a certain degree  opposite to each 
other (ref. 1 1 )  so that  the ambiguity  can  be  reduced  and the  accuracy of the 
determination  of  distance  can be increased  by  taking  into  account  the  mean 
value of  both  parameters. 

2 

In an earlier  version of the  equipment  (ref.] Ind Z ) ,  the  values  for the SA, 
SAR and  GDD  of  each  sferic  exceeding  the  threshold  of  the  receiver were dis- 
played  against the azimuth  as  points  on an oscillograph  screen.  Every 5 minutes 
, a  photographic  picture of  the screen was taken. From the  point  clusters  in 
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these  pictures, the mean  direction of incidence and  the mean values of the 
parameters SA, SAR and GDD could be estimated  for  each  center  of  activity. 
Some  results of the data analysis  applying  this  method  are  given in ref.]  to 
10. The disadvantage of this version was the  necessity to determine  the  para- 
meters  by  inspection of each  picture  and to  punch  the data in order to make 
them  accessible to a  computer.  The new version of the  atmospherics  analyser 
allows  completely  automatic receiving, analysing  and  recording  of  the data. 
Except from changing  the data tape  cartridge  of  a  desktop  computer  once  every 
month  and  occasional  checking  of  the  correct  operation, no maintenance is re- 
quired.  The mean azimuth, group delay  time  difference,  spectral  amplitude  ratio 
and  spectral  amplitude  of  each  thunderstorm  center  are  calculated  immediately 
during  each  period  of  measurement (in general 20 minutes)  and  they  are  printed 
out  and  stored on magnetic tape.  The  use  of an external  plotter  for  drawing 
the  thunderstorm  centers  onto  a  map  is  also  possible. 

Within  a time  period of 18 minutes (changeable),  the calculator  collects the 
data of all  incoming  pulses. During the  next  two minutes, four  histograms are 
calculated  from  the  received  parameters  and  Gaussian  fits  to  the  peaks  are 
made, so that  for  each  thunderstorm  center  the  azimuth, GDD, SAR  and  SA  are 
determined.  After  a  possible  power  interrupt, the calculator  reads  automatical- 
ly  the whole  operation  program  which  is  stored  on the  tape  and runs it anew. 
In  case  of the occurence  of  another error, the program  does not  stop  but - 
with the  aid  of a  special  error  recovery  routine - tries to eliminate the 
error  and  goes  on. 

RESULTS 

Since  some years, a  somewhat  older  version of the equipment (using paper 
tape)  is operating at  the  Berlin station. As an  example, Fig.] shows  a  compa- 
rison  of  the  synoptic data, reported  within  the  time  period 3.00 GMT to 6.00 
GMT on Aug. 22. 1975 (below) with  the  calculated  atmospherics  data  for  the 
same  time  period (above). The distances are  calculated  a  posteriori (not in 
real time)  with a  large  computer by using the propagation  model  given by  Harth 
and  Pelz (ref.lO), only  for  the GDD, however.  That  model  gives  the  GDD (and 
SAR)  per 1000 km, depending on the azimuth (more  exactly on the horizontal 
component  of the geomagnetic field, perpendicular to  the propagation plane) 
and, in order to distinguish  between  day and  night  conditions  of  the  ionosphere 
,on  the elevation  of  the sun, i.e. on geographic  coordinates,  time  of  day and 
season. 

One notices  that  generally  all  synoptic  reports  correspond to sources  detec- 
ted  by  the atmospherics  analyser, whereas, because of  the absence or non- 
function  of  a weather station (e.g. on  the  Atlantic Ocean), not  all  atmospheric 
sources  have  their  synoptic  counterparts. It is obvious, e.g. from the activity 
centers on the Atlantic  Ocean  and in the 135O direction, that  the direction 
finding  system  and  the  source-finding  computer  program  are  quite  reliable. The 
differences in distance for one  source  arise  mainly  from the still  imperfect 
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propagation model which  takes only the  GDD  into  account.  Especially  during  sun- 
set  and  sunrise  and  during  disturbed  ionospheric conditions, considerable  de- 
flexions from model  conditions  can  occur. 

These  effects can be eliminated, when at  least  two  stations  are  available 
for  direction  finding.  Since  December 1979, a new station is  operating at 
Pretoria,  South Africa, and simultaneously a further new equipment  is  built up 
for  testing  purposes  at  Bonn,  West Germany, which will be  installed  shortly  at 
Tel Aviv, Israel.  The Pretoria  station  is  equiped  with a plotter,  which (if 
desired)  marks  all (or only the  largest)  atmospherics  sources by signs on a 
map  as  shown  in  Fig.2. In the new version, the  model  values  for the  GDD  and 
SAR, depending on the  parameters  mentioned above, are  included  in  the  operation 
program of the desktop  computer, so that a real  time  determination  of the  dis- 
tance  of  activity  centers  is  possible. At this  stage  of  development, the  model 
of  Harth  and Pelz (ref.10) is used; it can  still be optimized, however, during 
the  course of measurements, when a sufficient  number  of  simultaneous  recordings 
from  different  stations  are  available. 

As an  example,  Fig.2 (right) shows  the  printout  of  the  Pretoria  and  Bonn 
stations at  Jan.  12. 1980,  near 4.00 GMT, and, on the left, two  of  the  associ- 
ated activity  centers,  one  in South America  near I O O S ,  75OW, at ca.  258O  from 
Bonn  and 256' from Pretoria, the other  in Middle Africa, near 8'N, 35'E, at  ca. 
242' from  Bonn  and 1 l 0  from  Pretoria.  For a better survey, a map  containing 
only the orthodromes and distance  circles  for the Pretoria  station  is  chosen. 
While  the  propagation  from  South  America to both  stations is during  pure  night 
conditions, the day-night  terminator  passes  the  African  source  near 4.00 GMT. 
One  notices  that  the  bearings  are again quite constant, and  that  the  fluctu- 
ations  in  distance  for the  South  America-n source which is  more  than 10000 km 
away  are  already  considerably  suppressed.  With  the  exception  of  one  case  which 
is  too close, this  is  generally  true  also  for  the  African  source,  although  the 
modelling of the propagation  conditions  during the  day-night  transition is 
rather  difficult.  This  is  true in particular in that case, where the  propaga- 
tion  path  forms a small  angle  with  the  terminator. 

In order to give a further  impression  of the operation  of the system, an- 
other prelirrinary result  is  shown in Figs.3a  and 3b, where the overall  activity 
recorded  by  the  Pretoria  station  is  plotted  within  longer  time  intervals.  Each 
cross  symbol  marks  the  location  of an activity  center.  However, the distances 
are  only  rough estimates, because,  for  testing  purposes, they were  determined 
by  using always a constant  model  value (33 vsec  per 1000 km)  for  the  GDD  only 
(which  is  too small  during day  and  too  large during night for  most  directions), 
so that  the sources are  partly  spread  out  along  the  propagation  paths  (e.g.  in 
South  America).  Some  isolated  points  are  migrated  too far away, e.g. north  of 
50°N in  Fig.3b.  These  effects  are eliminated, or at  least considerably  reduced, 
when the optimal  model is  applied.  In  Fig. 3a, the activity  during the  time 
interval  from  Jan.  24.  1380,  5.45 GMT to  Jan.  25.  1980,  5.45 GMT is shown, 
Fig.  3b  shows  the  accumulated  activity  for  one week, Jan. 25.  1980  to  Jan.  31. 
1980. 

The  fact  that  there  are  (nearly)  no  sources  observed in the  Mediterranean 
area is  due  to  the blocking  out of  these  sferics  (which  are  not so frequent 
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during  the  winter  season)  by  the  more  active  sources  in  the  nearer  environment 
of  the  station. Generally, the marked  South  American  Sources  are  detected du- 
ring night  time  propagation  conditions,  which will be  emphasized  later  by  the 
use  of  different  plot  symbols  for  different  times of day.  On  the whole, the 
range  of the  method  is  much  larger  during  night  time  because of the  upward 
shifting  of the  lower  ionosphere. 

Of course,  even  after  optimizing  the  propagation  model,  there will be some 
deflexions  from  model  conditions  caused  by  ionospheric  perturbations which 
cannot  be  forecasted. However, as  already  mentioned, they  will be at least 
partly  suppressed  by  the  opposite  course  of  the GDD and SAR parameters.  On  the 
whole, an accuracy  of  direction  finding  of  about 0.5' and  of distance  deter- 
mination  of  about 5% is expected.  The  reason that  not a l l  sources lead  to 
simultaneous  bearings  from two  or  more  stations  (cf.Fig.2)  is firstly  due to 
the  possible  blocking  out  of  more  distant  sources  by  closer  and  more  active 
sources in the  same  direction,  and  secondly to  the selection  of  the few stron- 
gest  activity  centers  by  the  operating  program.  However,  the  selection  thres- 
hold  can  be  modified,  and it will  also be  adjusted  to  optimal  conditions  du- 
ring the course  of  measurements. Finally, the detection  of  atmospherics  sour- 
ces is  limited  by  the  range  of  the whole system, depending  on azimuth, local 
time  and  season  (cf.  Fig.3).  The minimum  distance,  where an unambiguous  deter- 
mination of  the parameters  becomes  impossible  due to  the interference  of the 
higher  order  modes  is ca. 300  km. The  maximum  distance  reaches  from  a  few 
thousand  kilometers  for  activity  centers in the  east  direction  to more  than 
10000 km for  signals  from  the  west  direction  during  night  time  propagation 
conditions. 
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R T M O S P H E R  I C S - S O U R C E S  
X = T = O ;  X ~ T C I H ;  O 2 T 5 3 H  0 6 . 0 0  GMT A 

O B S E R V E D  F L R S H E S  
L E G E N D :  < . K : T = O H :   K ] - T < ~ H Z I Z T ~ ~ H  

Figure 1.- Comparison of atmospherics sources (above) with synoptic data (below) 
on Aug. 22, 1975 between 3.00 GMT and 6.00 GMT. Sources within each single 
period are marked by different signs: T=O: 6.00 GMT, e 1 H :  5.00 GMT to 
6.00 GMT and Ts3: 3.00 GMT to 5.00 GMT. "DN" indicates that the propagation 
path intersects the  day-night boundary which is drawn (above) for both 
ground and ionospheric level at 6.00 GMT. 
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Figure 2.-  Printer  output of the  Pretoria  and  Bonn  stations (right) on Jan. 12,  
1980, 3 .38  GMT to 4.58 GMT, and  locations of two  simultaneously  recorded 
sources on a  map (left). The  orthodromes,  dashed  with 100 km  intervals, 
are  intersected  every 1000 km  by  the distance  circles  which  are  dashed  with 
l o  intervals. "0" indicates  sources  located  by  the  Bonn  station, "X" is 
for  the  Pretoria  station. On the  paper  strip  printout,  date  and  time  (GMT) 
and  the  total  number  of  received  impulses  are  printed  first at the  end  of 
each  measuring  interval.  Then  azimuth @:@(des),  GDD:A(psec), SAFkr (a) and 
Distance (km) follow for  each  center of activity,  numbered  in  descending 
order (SA is  optional). The three  numbers  for  each  parameter  are:  mean 
value  (peak  location),  width  of  Gaussian  fit  and  number of pulses  from  that 
source  per  minute. 
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Figure 3a.- Accumulated  activity €or the  time  period  from  Jan. 24, 1980, 
5.45 GMT to  Jan. 25, 1980, 5.45 GMT.  Each  sign  marks  an  atmospherics 
source  within one 20 minute  measuring  interval. The  South  American 
Sources,  as  well as the  sources  between 10°E,  10°S and 20°E, 10% in 
Central  West  Africa  were  observed  during  night time. 

10 IO PO 60 50 .D .10 I D  I n  0 10 >I IO .o 50  111 ,D I O  so 

Figure 3b.- Accumulated  activity  for  the  time  period  from Jan. 25, 1980, 
to  Jan.  31 , 1980 (one  week)  recorded  by  the  Pretoria  station. . 
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SHIELD TOPOLOGY I N  LIGHTNING TRANSIENT CONTROL 

E.  F. Vance 
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ABSTRACT 

A fo rma l i sm  in   wh ich   t he   i n t e rac t ion   o f  a sys t em  wi th   an   e l ec t romagne t i c  
sou rce  i s  d e s c r i b e d  by s e t s  o f   s c a t t e r i n g ,   p e n e t r a t i o n s ,   a n d   p r o p a g a t i o n   f u n c -  
t i o n s  w i l l  be   r ev iewed   and   i n t e rp re t ed   i n   t he   con tex t   o f   t he   l i gh tn ing   i n t e rac -  
t i on   p rob lem.   In   t h i s   fo rma l i sm,   t he   sys t em i s  decomposed in to   s imple   vo lumes  
s e p a r a t e d  by c l o s e d   s h i e l d   s u r f a c e s .   T h e s e   s u r f a c e s  may be   nes ted   and   in te rcon-  
nec ted   to   p roduce   h igher   l eve ls   o f   sh ie ld ing   and   subvolumes   wi th in  a g iven  
l e v e l .  The i n t e r a c t i o n   a n a l y s i s  uses s c a t t e r i n g   t h e o r y   t o   d e f i n e   c u r r e n t  and 
c h a r g e   d e n s i t i e s  on t h e   s h i e l d   s u r f a c e s ,   i n   c o n j u n c t i o n   w i t h   t h e   d i f f u s i o n ,  
a p e r t u r e s  and t r a n s m i s s i o n   l i n e   a n a l y s i s ,   t o   d e f i n e   p e n e t r a t i o n   t h r o u g h   s h i e l d  
imperfec t ions   and   propagat ion   wi th in   the   p ro tec ted   vo lume.  

B e c a u s e   t h e   p r o t e c t i o n   o f   e l e c t r o n i c   c i r c u i t s   f r o m   t h e   l i g h t n i n g   s o u r c e  i s  
viewed as t h e   u s e   o f   s h i e l d s   t o   p r o v i d e   e l e c t r o m a g n e t i c   s e p a r a t i o n   o f   t h e   v o l u m e  
c o n t a i n i n g   t h e   c i r c u i t   f r o m   t h e   l i g h t n i n g   s o u r c e ,  a r a t i o n a l   a p p r o a c h   t o   t h e  
t r e a t m e n t   o f   a p e r t u r e s   a n d   p e n e t r a t i n g   s i g n a l  power o r   o t h e r   c o n d u c t o r s  i s  t o  
minimize   these   compromises   to   the   sh ie ld .   This   v iew  a l so  makes q u e s t i o n s  
r e g a r d i n g   t h e   g r o u n d i n g   o f   f i l t e r s   a n d   s u r g e   a r r e s t e r s   i r r e l e v e n t   s i n c e   t h e  
proper   use  of  f i l t e r s  a n d   s u r g e   a r r e s t e r s  i s  t o   c l o s e   t h e   s h i e l d   a b o u t   t h e  
conductor   (outof-bond  or   above some t h r e s h o l d   v o l t a g e ) .  

These   and   o ther   in te rpre ta t ions   o f   the   use   o f   sh ie ld   topology  to   implement  
i n t e r f e r e n c e   c o n t r o l   a n d   d e c i d e   i s s u e s   o f   g r o u n d i n g   a n d   s h i e l d i n g   a r e  
d e s c r i b e d  . 

INTRODUCTION 

S m a l l - s i g n a l   e l e c t r o n i c   c i r c u i t s ,   w h e t h e r   t h e y   u s e   d i s c r e t e   c o m p o n e n t s   o r  
i n t e g r a t e d   c i r c u i t s ,  are s u s c e p t i b l e   t o   m a l f u n c t i o n   o r  damage caused by t r a n -  
s i e n t   i n t e r f e r e n c e   o f  a few v o l t s   o r  a few t e n s   o f   m i l l i a m p e r e s .  On t h e   o t h e r  
h a n d ,   t r a n s i e n t s   a s s o c i a t e d   w i t h   l i g h t n i n g   a n d   s w i t c h i n g   o n  power l i n e s  and 
buried  communicat ion  cables  commonly have   peak   cu r ren t s  of t e n s   o f   k i l o a m p e r e s  
and  peak  vol tages   of   megavol ts .   Thus,  i f  s m a l l - s i g n a l   e l e c t r o n i c   c i r c u i t s  are  
t o   b e   o p e r a t e d  by commercial ac power o r   u s e d   i n   s y s t e m s   t h a t  are i n t e r c o n n e c t e d  
by l o n g   c a b l e s ,  i t  is  a p p a r e n t   t h a t   t h e   s t r u c t u r e   b e t w e e n   t h e   o u t s i d e   c a b l e s   o r  
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power c o n d u c t o r s   a n d   t h e   s m a l l - s i g n a l   e l e c t r o n i c   c i r c u i t s   m u s t   b e   c a p a b l e   o f  
r e d u c i n g   t h e  transient peaks  by  over   100 dB. 

The p e r f e c t l y - c o n d u c t i n g   c l o s e d   s h i e l d   c o m p l e t e l y   i s o l a t e s   t h e   v o l u m e  
enc losed  by t h e   s h i e l d   f r o m   e l e c t r o m a g n e t i c   s o u r c e s   o u t s i d e   t h e   s h i e l d ,  as 
i l l u s t r a t e d   i n   F i g u r e  1. T h e r e f o r e ,   i f ’ w e   c o u l d   e n c l o s e   o u r   e l e c t r o n i c   s y s t e m  
in  such a s h i e l d ,  i t  would  be  completely immune t o   l i g h t n i n g ,  EMP, and   o the r  
external s o u r c e s   o f   i n t e r f e r e n c e  . 

However,  because  such a c losed   sys t em  does   no t   a l l ow  e l ec t romagne t i c  
s i g n a l s   t o   e n t e r   o r   l e a v e   t h e   s y s t e m ,  we must   compromise   the   sh ie ld   to   a l low 
informat ion   to   f low  in to   and   ou t   o f   the   sys tem.   Fur ther   compromises  are u s u a l l y  
n e c e s s a r y   t o   s u p p l y   p o w e r   t o   t h e   s y s t e m   a n d   t o   d i s p o s e   o f  waste heat .   Doors   and 
a c c e s s   h a t c h e s  are n e c e s s a r y   t o   a l l o w   t h e   e q u i p m e n t   t o   b e   i n s t a l l e d   a n d  
s e r v i c e d .   I f   t h e   s y s t e m   r e q u i r e s  human o p e r a t o r s ,  many more  accommodations  must 
be  made. F i n a l l y ,   p e r f e c t   c o n d u c t o r s   f o r   l a r g e - s c a l e   s h i e l d i n g  are n o t   y e t  
p r a c t i c a l .  

EMP 

H”mh 

L I G H T N I N G  
ETC 

EVIDENCE  OF 
OUTSIDE  SOURCES 

PERFECTSHIELD 

T > O  
o=oD 

Figure 1.- Electromagnetic  isolation  with a perfect  shield. 

Because   o f   t hese   dev ia t ions   f rom  the   c losed ,   pe r f ec t   sh i e ld  two o r  more 
l e v e l s   o f   s h i e l d i n g  may b e   r e q u i r e d   t o   p r o t e c t   s m a l l - s i g n a l   c i r c u i t s   f r o m   s t r o n g  
s o u r c e s   o f   i n t e r f e r e n c e   s u c h  as l i g h t n i n g   a n d   t h e  EMP. Although  one  can 
a p p r o a c h   t h e   s h i e l d i n g   e f f e c t i v e n e s s   o f   t h e   i d e a l   s h i e l d   w i t h   a r b i t r a r y   c l o s e -  
n e s s   b y   u s i n g   t h i c k  metal s h i e l d s   w i t h   s o p h i s t i c a t e d   t r e a t m e n t s   o f  a l l  conduc- 
t o r s   a n d   a p e r t u r e s   p e n e t r a t i n g   t h e   s h i e l d ,   i n   p r a c t i c e   s u c h   a n   a p p r o a c h  i s  v e r y  
cos t ly   t o   imp lemen t   and   ma in ta in .   Fu r the rmore ,   ach iev ing   nea r ly   pe r f ec t  
s h i e l d i n g   i n   p r a c t i c a l   s y s t e m s  i s  i n a p p r o p r i a t e   b e c a u s e   e l e c t r o m a g n e t i c   i n t e r -  
f e r e n c e   o f   s i g n i f i c a n t   a m p l i t u d e  is g e n e r a t e d  by t h e   s y s t e m   i t s e l f .  

Thus, w e  may f i n d   t h a t  it i s  indeed more p r a c t i c a l   t o   u s e  two o r  more levels 
o f   i m p e r f e c t   s h i e l d i n g .   F o r   e x a m p l e ,   t h e   f i r s t   s h i e l d   m i g h t   b e   t h e   b u i l d i n g   o r  
room metal s t r u c t u r e ,   t h e  metal s k i n   o f   a n   a i r c r a f t ,   o r   t h e   h u l l ,   d e c k s ,   a n d  
bulkheads   o f  a sh ip .   The   second  sh ie ld  i s  u s u a l l y   t h e  metal equipment   cab ine ts .  
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’ Such m u l t i l a y e r   s h i e l d s   o c c u r   n a t u r a l l y  as a p a r t   o f   t h e   s t r u c t u r a l   d e s i g n   i n  
many systems;  with a modest   interference-control   design  based on topo log ica l  
concepts ,   an  effect ive  shield  system  can  be  developed.  

SYSTEM TOPOLOGY AND INTERACTION 

Vi r tua l ly   eve ry   sys t em is comprised  of a n y b e r   o f   c o n d u c t i n g   s u r f a c e s  which 
can  be  used  to  form  an  electromagnetic  shield.  y 2 9 3  Consider ,   for   example,   the  
a i r c r a f t .  A t opo log ica l  model fo r  an a i r c r a f t  and i t s  a s s o c i a t e d   e l e c t r o n i c  
equipment  might  be  that shown i n   F i g u r e  2 .  The a i r c r a f t   s k i n ,   d e n o t e d  as 
su r face  S i s  seen   to   have   aper ture  and d i f f u s i v e   p e n e t r a t i o n s ,   a s  w e l l  a s  
po in t s   whe te   ene rgy   can   be   i n j ec t ed   d i r ec t ly   i n to   t he   i n t e r io r   o f   t he   sys t em,  
( i . e . ,   v i a   d e l i b e r a t e   a n t e n n a s  on t h e   a i r c r a f t ) .   A d d i t i o n a l   s h i e l d i n g  
su r faces ,   such   a s  S which  might  correspond  to  shielded  equipment 
racks ,   b lack  box s k l e l d i n g ,   c o a x i a l   c a b l e s ,   e t c . ,   a r e   l o c a t e d   i n  a nes ted  
f a s h i o n   w i t h i n   t h e   f i r s t   s h i e l d .  The unpro tec t ed   r eg ion   ex te r io r   t o   t he  a i r -  
c r a f t  i s  denoted by Vo. With ou r   no ta t ion ,   t he   su r f ace  S s e p a r a t e s  volumes 
V i  and V i , j  

2 and S2,3’  

j ‘  

DIFFUSIVE APERTURE 
PENETRATION FNETRATIW 

0 - 9 .  

v 

Figure 2.- Simplified  shield  topology  of  aircraft.  
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The i n t e r f e r e n c e   e n e r g y ,   w h i c h  i s  incident   on  the  system  f rom  volume V and 
e v e n t u a l l y  exci tes  some i n t e r i o r   c i r c u i t s ,   c a n   b e   v i e w e d  as undergoing a number 
o f   i n t e r a c t i o n s   w i t h   t h e   v a r i o u s   s u r f a c e s   o f   t h e   s y s t e m .   E n e r g y   t h a t   p e n e t r a t e s  
t h e   s u r f a c e  So w i l l  t h e n   p r o d u c e   f i e l d s   i n   t h e   v o l u m e  V1 and   induce   charges  
and c u r r e n t s  orl t h e   s u r f a c e  S These   cu r ren t s   and   cha rges  w i l l  cause   energy  
t o   p e n e t r a t e   i n t o   v o l u m e  V . T h i s   p r o c e s s   c o n t i n u e s   s e q u e n t i a l l y   u n t i l   t h e  
e n e r g y   r e a c h e s   t h e   c i r c u i t   l e v e l .  

0 

1 , 2 ‘  

An a c t u a l   a i r c r a f t  w i l l  h a v e   a d d i t i o n a l   c o m p a r t m e n t s   l o c a t e d   i n s i d e   t h e  
sur face   bu t   which   do   no t  l i e  w i t h i n  S T h e s e   c e l l s ,   s u c h  as t h e  bomb 

ba$s,  wheel we 11s , and  equipment   bays,   can  act  much l i k e  a s h i e l d e d   e n c l o s u r e  
and a r e   o f t e n   r e f e r r e d   t o  as elementary  volumes.  The f o r m a l i s m   a p p l i e d   t o   t h e  
S .  . su r faces   can   a l so   be   u sed   fo r   t hese   enc losu res .   Because  a l l  o f   t h e s e  
efkdentary  volumes  occupy  par t   of   the  same p r inc ipa l   vo lume  V i t  i s  n e c e s s a r y  
t o  e m p l o y   a n o t h e r   s u b s c r i p t ,   k ,   t o   d i s t i n g u i s h   b e t w e e n   t h e  j ’  v a r i o u s   r e g i o n s .  
Thus ,   t he   k th   subvo lume   w i th in   t he   j t h   r eg ion  w i l l  be   denoted  by V j  k ,  w i t h   t h e  
k s u b s c r i p t   d r o p p e d   i f  no subvo lumes   ex i s t .   F igu re  3 shows a f i y p o t h e t i c a l  
example  of a more  complete   vers ion  of  a s h i e l d e d  s y s t e m .  Wi th in   the  V1 r e g i o n ,  
n o t e   t h a t   t h e r e  are four  subvolumes  denoted by k = 1,  2 ,  3 and 4 .  These  volumes 
c a n   b e   i d e n t i f i e d   a s  V , V I  2 ,  e t c .   S i n c e  a p a r t i c u l a r   v o l u m e   w i t h i n  a system 
can  be  labeled by tw&’!indic’es, j and  k,  i t  i s  c o n v e n i e n t   t o   r e f e r   t o   t h e s e  
i n d i c e s  as t h e   l o n g i t u d i n a l  a n d   t r a n s v e r s e   s h i e l d i n g   n u m b e r s ,   r e s p e c t i v e l y .  

so 1 1 , 2 ’  

I n   t h i s   c a s e ,  i t  i s  n e c e s s a r y   t o   e x p a n d   s l i g h t l y   t h e   i n d e x  on t h e  terms Sg 
t o   p e r m i t  a p r e c i s e   d e f i n i t i o n   o f   t h e   v a r i o u s   s u r f a c e s .  The s u r f a c e   d i v i d i n g  
volumes V .  and Vk i s  t h u s   d e s c r i b e d  as S Some o f   t h e s e   s u r f a c e s  
are i n d i c a t e d   i n  Figure 4 .  k j , k ;k ,R’  

The i n t e r a c t i o n   s e q u e n c e   d i a g r a m  i s  a d iagram  of  a l l  p o s s i b l e   i n t e r a c t i o n  
pa ths   f rom  one   vo lume   t o   ano the r   i n   t he   sys t em  topo log ica l   mode l .  A p o r t i o n   o f  
the   in te rac t ion   sequence   d iagram  for   the   geometry   o f   F igure  3 i s  i l l u s t r a t e d   i n  
F i g u r e  4 .  The d o t t e d   l i n e s   r e p r e s e n t   t h e   c o n f i g u r a t i o n   o f   t h e   s y s t e m   a n d   t h e  
s o l i d   l i n e s  are t h e   i n t e r a c t i o n   p a t h s   f r o m   t h e   o u t s i d e ,  V o ,  t o   va r ious   vo lumes  
i n s i d e .  The t r a n s f e r   f u n c t i o n  
f o r  a p a r t i c u l a r   p a t h   c o n n e c t i n g   t h e  V .  r e g i o n   t o   t h e  V r e g i o n  i s  denoted 
by T .  . I f  more   than   one   pa th   e&sts   f rom  one   vo lum6  to   another ,   super -  
s c r i d t i ; ! i y ,   ( 2 1 ,   e t c . ,  w i l l  d i s t i n g u i s h   b e t w e e n   t h e   d i f f e r e n t   t r a n s f e r   f u n c -  
t i o n s  . 

k l m  

I n   t h e   a n a l y s i s   o f  a system, i t  i s  n e c e s s a r y   t o   i d e n t i f y   t h e   c o m p l e t e   i n t e r -  
ac t ion   sequence   d iagram.   However ,   because   the   en t i re   in te rac t ion   sequence   d ia -  
gram  can   be   qu i te   compl ica ted ,   on ly   the   mos t   impor tan t   coupl ing   pa ths   a re  
c o n s i d e r e d .  The d e c i s i o n   r e g a r d i n g   w h i c h   o f   t h e   t r a n s f e r   f u n c t i o n s  may be 
n e g l e c t e d  i s  reached by examin ing   r e su l t s   o f   canon ica l   p rob lems   wh ich   t r ea t  a 
p a r t i c u l a r   a s p e c t   o f   t h e   o v e r a l l   p r o b l e m   ( a p e r t u r e   p e n e t r a t i o n  i s  but   one  
example) ,   o r  by examining   exper imenta l  r e s u l t s .  

A r igorous   formal i sm  has   been   deve loped   by  Baum i n   w h i c h   t h e   o v e r a l l   i n t e r -  
a c t i o n  is  d e s c r i b e d   i n  terms o f  wave s c a t t e   i n g   f u n c t i o n s   t h a t   d e f i n e   t h e   c h a r g e  
and c u r r e n t   d e n s i t y  on t h e   s h i e l d   s u r f a c e s .   W i t h i n  a volume  where   in te r fe rence  l 
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Figure 3. -  A more general  topological model of system. 

Figure 4.- Interaction sequence  diagram. 
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l a r g e l y   p r o p a g a t e s   a l o n g   c a b l e s   a n d   o t h e r   c o n d u c t o r s ,   m u l t i c o n d u c t o r   t r a n s m i s -  
s i o n   l i n e   t h e o r y  can b e   u s e d   t o   d e s c r i b e   e n e r g y   " f u b e s . "   J u n c t i o n s   o f   t h e s e  
" tubes"  can b e   d e s c r i b e d   w i t h   s c a t t e r i n g  matrices. 

PRESERVING SHIELD TOPOLOGY 

The e s s e n c e   o f   i n t e r f e r e n c e   c o n t r o l  i s  t o   i d e n t i f y   t h e   c o m p r o m i s e s  
- - p a r t i c u l a r l y   t h e   i n s u l a t e d   c o n d u c t o r s   a n d   a p e r t u r e s   i n   t h e   s h i e l d   t o p o l o g y  
--and t o   a p p l y   c o r r e c t i v e  measures. To t h i s  end i t  is  u s e f u l   t o   k e e p   i n  mind 
t h a t   c o m p l e t e   i s o l a t i o n  i s  o b t a i n e d   w i t h   t h e   t o p o l o g i c a l l y   c l o s e d   s h i e l d .  A l l  
d e v i a t i o n s   f r o m   t h e   t o p o l o g i c a l l y   c l o s e d   s u r f a c e  are then   immedia t e ly   i den t i -  
f i e d  as compromises   tha t  may r e q u i r e   c o r r e c t i v e   a c t i o n .  

E f f e c t i v e   c o r r e c t i v e  measures p r e s e r v i n g   t h e   s h i e l d   i n   t h e   v i c i n i t y   o f   t h e  
compromises w i l l  b e   t h o s e   t h a t   t e n d   t o   c l o s e   t h e   s h i e l d   o r   e l i m i n a t e   t h e   i n t e r -  
a c t i o n   p a t h  so t h a t   e x t e r n a l l y - i n d u c e d   c u r r e n t s  and  charges  are c o n f i n e d   t o   t h e  
o u t s i d e   s u r f a c e  of t h e   s h i e l d .  

I n   t h e   f o l l o w i n g   s e c t i o n s  we d i s c u s s   t h e   c o r r e c t i v e   t e c h n i q u e s   f o r   t h e   t h r e e  
p r inc ipa l   t ypes   o f   compromises .  The c a t e g o r i e s  a r e ,  i n   o r d e r   o f   i m p o r t a n c e ,  (1) 
i n s u l a t e d   c o n d u c t o r s   t r a v e r s i n g   t h e   s h i e l d   s u r f a c e ,  ( 2 )  a p e r t u r e s   i n   t h e   s h i e l d  
su r face ,   and  ( 3 )  i m p e r f e c t l y   c o n d u c t i n g   s h i e l d  mater ia ls .  

Propagat ion  Along  Conductors  

The w o r s t   v i o l a t i o n s   o f   t h e   s h i e l d   t o p o l o g y  are u s u a l l y   i n s u l a t e d   c o n d u c -  
t o r s   t h a t   p e n e t r a t e   t h e   s h i e l d ,   s i n c e   t h e s e   c o n d u c t o r s   a l l o w   l a r g e   c u r r e n t s  
i n d u c e d   o u t s i d e   t h e   s h i e l d   t o   p r o p a g a t e   i n t o   t h e   p r o t e c t e d   r e g i o n   i n s i d e  the 
s h i e l d .   F i g u r e  5 i l l u s t r a t e s   t h e   p r o p e r  method  of   handl ing   these   conductors  a t  
t h e   f i r s t   s h i e l d .   N o t e   t h a t   i n   e a c h   e x a m p l e   t h e   p r o p e r   d e s i g n   c a u s e s   t h e   l a r g e  
i n t e r f e r e n c e   c u r r e n t s   i n d u c e d   o u t s i d e   t h e   s h i e l d   t o   b e   d i v e r t e d   t o   t h e   o u t s i d e  
s u r f a c e   o f   t h e   s h i e l d ,   t h u s   p r e s e r v i n g   t h e   s h i e l d   t o p o l o g y .   I n   p a r t i c u l a r ,   n o t e  
t h a t   g r o u n d i n g   c o n d u c t o r s   s h o u l d   n o t   p e n e t r a t e   s h i e l d s   o t h e r w i s e   t h e y ,  as wel l  
as a n y   o t h e r   c o n d u c t o r ,  may a l l o w   i n t e r f e r e n c e   t o   p r o p a g a t e   t h r o u g h   t h e   s h i e l d .  

Power  and s igna l   conduc to r s   canno t   be   connec ted   t o   t he   sh i e ld   con t inuous ly  
as can  plumbing,  waveguides,   and  grounding  conductors,   but  they  can  be  connected 
momentarily when a t h r e s h o l d  i s  e x c e e d e d   ( i . e . ,   t h r o u g h  a s u r g e   l i m i t e r )   o r  a t  
a l l  ou t -of -band  f requencies   ( th rough a f i l t e r ) .  Even i n   t h i s   c a s e ,   h o w e v e r ,  i t  
is  a p p r o p r i a t e   t o   t h i n k   o f   t h e   s u r g e  limiter o r   f i l t e r  as a d e v i c e   f o r   c l o s i n g  
t h e   s h i e l d   a b o u t   t h e   c o n d u c t o r  so t h a t   t h e   c u r r e n t   r e m a i n s   o n   t h e   o u t s i d e  
s u r f a c e   o f   t h e   s h i e l d .  

Only " s h o r t - c i r c u i t "   d e v i c e s ,   t h o s e   t h a t   d i v e r t   t h e   c o n d u c t o r   c u r r e n t   t o  
t h e   s h i e l d ,   h a v e   b e e n   i l l u s t r a t e d   h e r e   b e c a u s e  a t  t h e   f i r s t   l e v e l   o f   s h i e l d i n g  
t h e   i n t e r f e r e n c e   l e v e l s   c a u s e d  by l i g h t n i n g  are ve ry   l a rge .   "Open-c i r cu i t "  
dev ices ,   such  as c h o k e s   a n d   d i e l e c t r i c   g a p s ,   m u s t   b e   c a p a b l e  of  w i t h s t a n d i n g  
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Figure 5.- Shielding integrity near interference-carrying external conductors. 

235 



v o l t a g e s   a p p r o a c h i n g  1 MV a t  t h e   f i r s t   s h i e l d .   D e v i c e s   d e s i g n e d   f o r   t h e s e  
v o l t a g e s  are expens ive   and   r equ i r e   cons ide rab le   ma in tenance ,   whereas   t he   sho r t -  
c i r c u i t   d e v i c e s  are cheap   and   requi re  much less maintenance.   For  water and 
sewage   p lumbing ,   however ,   p l a s t i c   p ip ing   can   be   subs t i t u t ed   fo r  metal p i p i n g   t o  
e l i m i n a t e   t h e   c o n d u c t o r .  

A t  s e c o n d a r y   a n d   t e r t i a r y   s h i e l d s   w h e r e   t h e   o p e n - c i r c u i t   v o l t a g e s  are less 
s e v e r e   ( i . e . ,   h u n d r e d s   o f   v o l t s   i n s t e a d   o f  MV), c u r r e n t - i n t e r r u p t i o n   t e c h n i q u e s  
c a n   b e   a p p l i e d   q u i t e   s a t i s f a c t o r i l y .   S e v e r a l   p a s s i v e   c u r r e n t - i n t e r r u p t i o n  
t echn iques  are i l l u s t r a t e d   i n   F i g u r e  6 ,  where   t he   open-c i r cu i t   vo l t age   impres -  
s e d   a c r o s s   t h e   c u r r e n t - i n t e r r u p t i n g   d e v i c e  i s  a l s o   i n d i c a t e d .   S u c h   t e c h n i q u e s  
are  u s u a l l y   a p p l i e d   o n l y   t o   i n s u l a t e d   c o n d u c t o r s   s u c h  as power  and s i g n a l  
conductors ;   "groundable ' l   conductors   such  as cable   sh ie lds ,   p lumbing ,   and  wave- 
g u i d e s   a r e   e c o n o m i c a l l y   a n d   r e l i a b l y   t r e a t e d   w i t h   t h e   c u r r e n t - d i v e r s i o n  
approach  of   Figure  5(b) .   Because of t h e i r   h i g h e r   r e l i a b i l i t y ,   l o w e r   m a i n t e n -  
a n c e ,   a n d   t h e   e a s e   o f   f a i l u r e   d e t e c t i o n ,   p a s s i v e   d e v i c e s   a r e   u s u a l l y   p r e f e r r e d .  
Ac t ive   dev ices   such  as g a s   t u b e   o r   s o l i d - s t a t e   s u r g e  l imiters  must   be   t es ted  
p e r i o d i c a l l y   t o   a s c e r t a i n   t h a t   t h e y   f u n c t i o n ,   s i n c e   t h e i r   f a i l u r e  i s  o f t e n   n o t  
appa ren t   du r ing   t he   no rma l   func t ion ing   o f   t he   sys t em.   Fu r the rmore ,   t hese   non-  
l i n e a r   d e v i c e s   t e n d   t o   r e g e n e r a t e   t h e   h i g h - f r e q u e n c y   s p e c t r u m   t h a t   t h e   s h i e l d  
exc ludes  . 

Aper tu re   Con t ro l  

The p e n e t r a t i o n   o f   e x t e r n a l   f i e l d s   t h r o u g h   a p e r t u r e s   t h a t   a r e  small com- 
p a r e d   t o  a wavelength is  i l l u s t r a t e d   i n   F i g u r e  7 .  A s  shown i n   F i g u r e   7 ( a ) ,   p a r t  
o f   t h e   e l e c t r i c   f i e l d   t h a t  wou ld   o the rwise   t e rmina te   on   t he   ou t s ide   su r f ace   o f  
t h e   s h i e l d   p e n e t r a t e s   t h e   a p e r t u r e   w h e r e  i t  may induce   cha rge   on   i n t e rna l  
c a b l e s .   S i m i l a r l y ,  some o f   t h e   m a g n e t i c   f i e l d   t h a t   w o u l d   o t h e r w i s e   b e   b o u n d e d  
by t h e   s u r f a c e   c u r r e n t   i n   t h e   s h i e l d  i s  p e r m i t t e d   t o   p e n e t r a t e   t h r o u g h   t h e  
a p e r t u r e ,   l i n k   a n   i n t e r n a l   c a b l e ,   a n d   t h e r e b y   i n d u c e  a v o l t a g e   i n   t h e   c a b l e   [ s e e  
F igu re   7 (b ) l  . 

I f  a g i v e n   a r e a   o f  wal l  opening i s  s u b d i v i d e d   i n t o ,   s a y ,   t e n  small openings 
having   the  same t o t a l   a r e a ,   t h e   p e n e t r a t i n g   f i e l d s   a t   a n   i n t e r i o r   p o i n t  w i l l  be 
abou t  1/ d z -  as  l a r g e   f o r   t h e   t e n  small o p e n i n g s   a s   f o r   t h e   s i n g l e   o p e n i n g .  
Thus,  one common t r ea tmen t   fo r   such   open ings  i s  to   cover   them  wi th  a conduc t ing  
s c r e e n   o r  mesh so t h a t   t h e   l a r g e   o p e n i n g  i s  c o n v e r t e d   i n t o  a m u l t i t u d e   o f  small 
openings.  

More r e d u c t i o n   c a n   b e   o b t a i n e d   w i t h   s a c r i f i c e s   i n   o p t i c a l   t r a n s p a r e n c y   a n d  
i n c r e a s e d   r e s i s t a n c e   t o  a i r  f low by add ing   t h i ckness   t o   t he   s c reen .   Each  small 
aper ture   then   becomes  a tube   th rough  the  wal l  and  behaves as a waveguide  beyond 
c u t o f f .   F i e l d s   t r a n s m i t t e d   t h r o u g h  a waveguide  beyond  cutoff are a t t e n u a t e d  
a p p r o x i m a t e l y   e x p o n e n t i a l l y   w i t h   d i s t a n c e   a l o n g   t h e   g u i d e ,  so  t h a t   v e r y   l a r g e  
a t t e n u a t i o n  may b e  ach ieved  by us ing  many small tubes  welded or  b razed   t oge the r  
i n  a honeycomb s t r u c t u r e .   S k e t c h e s   o f   t h e   m a g n e t i c   f i e l d   i n   t h e   v i c i n i t y   o f  a 
s i n g l e   a p e r t u r e ,   a n   a r r a y   o f  small a p e r t u r e s ,  and  an  array  of  waveguides  beyond 
c u t o f f  are shown i n   F i g u r e  8 .  
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Diffus ion   Through  Shie ld  Walls 

Con t inuous ,   c lo sed   shee t -me ta l   sh i e lds  are b y   f a r   t h e   m o s t   e f f e c t i v e   e l e c -  
t r o m a g n e t i c   s h i e l d s   b e c a u 9 e   f h e y   s e v e r e l y  l i m i t  t h e   p e n e t r a t i o n   o f   e n e r g y   i n   t h e  
spectrum  above f &  = (XTod > -  and  they are good r e f l e c t o r s   o f   p r o p a g a t i n g   w a v e s  
t h r o u g h o u t   t h e   s p e c t r u m .   B e c a u s e   t h e   d u r a t i o n   o f   t h e   l i g h t   i n g   s t r o k e   c u r r e n t  
i s  f r e q u e n t l y   l o n g e r   t h a n   t h e   s h i e l d  time c o n s t a n t ,  T = uod , f o r   m o s t   s h i e l d -  
i n g  materials d i f f u s i o n   o f   l i g h t n i n g   f i e l d s   t h r o u g h  h e  s h i e l d  i s  s i g n i f i c a n t .  
N e v e r t h e l e s s ,  i t  i s  e s t i m a t e d   t h a t  a 20" d i r e c t   s t r o k e   t o  a 10-m-dia., 0.5-mm- 
th i ck   sphe r i ca l   a luminum  she l l   wou ld   i nduce   on ly   abou t   15  V i n   a n   i n t e r n a l  wire 
p a r a l l e l   t o   t h e   c u r r e n t   p a t h ,   p r o v i d i n g  i t  d i d   n o t  melt a h o l e   i n   t h e   s h i e l d .  
The r ise time of   the   induced   vo l tage  would be   s lowed  to  more than  3 us, even i f  
t h e   s t r o k e   c u r r e n t   h a d   z e r o  r i s e  time, b e c a u s e   o f   t h e   d i f f u s i o n  time o f   t h e  
s h i e l d .  

tt 

SHIELD DESIGN C R I T E R I A  

S ince  w e  c a n n o t   p r o v i d e   i d e a l   s h i e l d s   i n   p r a c t i c e ,  we must   develop some 
r a t i o n a l   b a s i s   f o r   d e t e r m i n i n g  how much s h i e l d i n g  i s  n e c e s s a r y .  We c a n   r e a d i l y  
s p e c i f y  a minimum s h i e l d i n g   c r i t e r i o n :   t h e  minimum s h i e l d i n g   r e q u i r e d  i s  t h a t  
n e c e s s a r y   t o   p r e v e n t d a m a g e   t o   e q u i p m e n t   e n c l o s e d   ( p r o t e c t e d )  by t h e   s h i e l d " .  
That i s ,  t h e   f i r s t   l e v e l   o f   s h i e l d i n g   s h o u l d   b e  good  enough so t h a t   l i g h t n i n g ,  
EMP, and   o the r   ex t e rna l   sou rces   canno t   cause   i n su la t ion   b reakdown  o r   o the r  
unaccep tab le  damage to   equ ipmen t   i n   t he   p ro t ec t ed   vo lume .   The re  i s  l i t t l e  
b e n e f i t   i n   u s i n g  a poore r   sh i e ld   because   w i th  i t  the  equipment  would  be damaged 
anyway. 

The minimum s h i e l d   t h u s   p r e v e n t s  damage t o   t h e   p r o t e c t e d   s y s t e m   b u t  i t  does 
not   prevent   degraded  performance  caused by t h e   r e s i d u a l   i n t e r f e r e n c e   p e n e t r a t -  
i n g   t h e   s h i e l d .   H e n c e ,   d i g i t a l   c i r c u i t s  may b e   u p s e t   a n d   a n a l o g   c i r c u i t s  may 
s u f f e r   p o o r   s i g n a l - t o - n o i s e   r a t i o  ( S N R ) .  To e l i m i n a t e   t h e s e   e f f e c t s ,  more 
s h i e l d i n g   t h a n   t h e  minimum spec i f i ed   above  w i l l  b e   r e q u i r e d .  

I n   a n a l o g   c i r c u i t s   t h e  SNR i s  determined by s i g n a l   s t r e n g t h   a n d   t h e   r e s u l -  
t a n t   s t r e n g t h  of t h e   n o i s e  (1) g e n e r a t e d   i n   t h e   c i r c u i t ,  ( 2 )  g e n e r a t e d  by o t h e r  
equ ipmen t   i n   t he   p ro t ec t ed   space ,   and  ( 3 )  g e n e r a t e d   o u t s i d e   t h e   p r o t e c t e d   s p a c e ,  
p e n e t r a t i n g   t h e   s h i e l d ,   a n d   c o u p l i n g   t o   t h e   c i r c u i t .  The b e s t  we can   ach ieve  
wi th   improvement   in   the   sh ie ld  i s  t o   r e d u c e   t h e   n o i s e   f r o m   e x t e r n a l   s o u r c e s  t o  a 
l e v e l  a t  which i t  i s  n e g l i g i b l e  compared t o   t h e   c i r c u i t  and i n t e r n a l   n o i s e .  The 
cos t   o f   mak ing   t he   sh i e ld   any   be t t e r   t han   t ha t   r equ i r ed   t o  make t h e   e x t e r n a l l y -  
g e n e r a t e d   n o i s e   n e g l i g i b l e  is  n o t   j u s t i f i e d  by a poss ib le   improvement   in  p e r -  
formance ,   because   c i rcu i t   per formance  i s  now determined by i n t e r n a l  and c i r -  
c u i t - g e n e r a t e d   n o i s e ,   n o t  by e x t e r n a l l y - g e n e r a t e d   n o i s e .  

A similar r a t i o n a l e   c a n   b e   u s e d   t o   s p e c i f y   s h i e l d i n g   f o r   d i g i t a l   c i r c u i t s .  
Because   the   s igna l  i s  a pulse ,   however ,  we are  conce rned   w i th   impu l s ive   i n t e r -  
f e r e n c e   r a t h e r   t h a n   t h e   n o i s e   s p e c t r u m .   F o r   t h e   d i g i t a l   c i r c u i t ,   t h e r e f o r e ,  w e  
may a r g u e   t h a t   t h e   s h i e l d  i s  s u f f i c i e n t   i f   t h e   p e a k   v o l t a g e   ( o r   c u r r e n t )   i n d u c e d  
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". on -. a p r o t e c t e d -   s i g n a l   c o n d u c t o r  by e x t e r n a l   - s o u r c e s  i s  small compared t o   t h a t  
i nduced   on   t he   conduc to r   by   i n t e rna l   sou rces .   Tha t  i s ,  i f   t h e   s h i e l d i n g  i s  such 
t h a t   t h e   p e a k   i n t e r f e r e n c e  i s  determined by i n t e r n a l ,   r a t h e r   t h a n   e x t e r n a l ,  
sou rces   add ing  more sh i e ld ing   does   no t   p roduce   t he   des i r ed   bene f i t   o f   improved  
c i r c u i t   p e r f o r m a n c e .  

-~ 

A t  t h e   s e c o n d   s h i e l d   t h i s   i m p l i e s   t h a t   b o t h   t h e   i n t e r n a l l y - g e n e r a t e d   a n d   t h e  
a t t e n u a t e d ,   e x t e r n a l l y - g e n e r a t e d   i n t e r f e r e n c e   m u s t   h a v e   p e a k   v a l u e s  smaller 
t h a n   t h e   l o g i c   l e v e l   o f   t h e   d i g i t a l   c i r c u i t .   T h u s ,  i t  i s  assumed t h a t   t r a n -  
s i e n t s   w i t h   p e a k   v a l u e s   e q u a l   t o   o r   g r e a t e r   t h a n   t h e   l o g i c   l e v e l   c a n   p r o d u c e  a 
l o g i c   e r r o r .   I n   e v a l u a t i n g   t h e   i n t e r n a l l y - g e n e r a t e d   i n t e r f e r e n c e   l e v e l ,  how- 
e v e r ,  w e  may o v e r l o o k   i n t e r n a l   i n t e r f e r e n c e   s y n c h r o n i z e d   w i t h   t h e   l o g i c   t r a i n ;  
s u c h   c o h e r e n t   i n t e r f e r e n c e   c a n   o f t e n   b e   r e j e c t e d  by d i g i t a l   c i r c u i t s   e v e n   i f  i t  
i s  l a r g e r   t h a n   t h e   c i r c u i t   l o g i c   l e v e l .  

A l s o   i n h e r e n t   i n   t h e   c r i t e r i o n   f o r   r e d u c i n g   e x t e r n a l l y - g e n e r a t e d   i n t e r f e r -  
e n c e   t o  a l e v e l   b e l o w   t h e   i n t e r n a l l y - g e n e r a t e d   i n t e r f e r e n c e  i s  the   assumpt ion  
t h a t   t h e  s y s t e m  w i l l  p e r f o r m   s a t i s f a c t o r i l y   i n   t h e   n o r m a l   i n t e r n a l   e n v i r o n m e n t .  
I f ,   i n   f a c t ,   t h e   s y s t e m  w i l l  n o t   t o l e r a t e   t h e   n o r m a l   i n t e r n a l   e n v i r o n m e n t ,  as i s  
somet imes   the   case ,   one   mus t   f i r s t  (1)  improve   the   in te rna l   envi ronment ,   o r  ( 2 )  
improve  the  system  tolerance.   Regardless   of   which  of   these  courses  i s  pursued,  
h o w e v e r ,   t h e   s h i e l d i n g   c r i t e r i o n   f o r   c o n t r o l l i n g   e x t e r n a l l y - g e n e r a t e d   i n t e r f e r -  
ence i s  t h e  same - -only   the   l eve ls   change .  

ALLOCATION OF SHIELDING 

The a d v a n t a g e   o f   t h e s e   s h i e l d i n g   c r i t e r i a  i s  t h a t   t h e y   p l a c e   r a t i o n a l   b o u n d s  
on t h e  amount o f   s h i e l d i n g   r e q u i r e d   a t   a n y   l e v e l .  A t  t h e   f i r s t   l e v e l   o f   s h i e l d -  
ing,   which may b e   o f   p r i m a r y   i n t e r e s t   t o   f a c i l i t y   d e s i g n e r s ,   t h e s e   c r i t e r i a   h a v e  
p a r t i c u l a r   i m p o r t a n c e .   I f   t h e   f i r s t   s h i e l d  i s  des igned   to  make e x t e r n a l l y -  
g e n e r a t e d   i n t e r f e r e n c e   s m a l l e r   t h a n   i n t e r n a l l y - g e n e r a t e d   i n t e r f e r e n c e ,   t h e n   a n  
e q u i p m e n t   t h a t   c a n   t o l e r a t e   t h e   i n t e r n a l l y - g e n e r a t e d -   i n t e r f e r e n c e  w i l l  a l s z  
to - l e ra t e   t he   ex t e rna l   t r ans i en t s .   Fo r   g round-based   sys t ems   -ope ra t ed   f rom  co  
m e r c i a l   e l e c t r i c   p o w e r ,   p e a k   t r a n s i e n t   v o l t a g e s   o f  500 t o  1 ,000 V a r e  common . 
Such t r a n s i e n t s  may be   gene ra t ed  by l i g h t n i n g  and by s w i t c h i n g   i n   t h e  power 
d i s t r i b u t i o n  s y s t e m .  S i m i l a r   t r a n s i e n t s  may be  produced  inside a f a c i l i t y  by 
h i g h - c u r r e n t   d e v i c e s   ( r e c t i f i e r s ,   w a t e r   h e a t e r s ) ,   s o l e n o i d - a c t u a t e d   e q u i p m e n t  
( t ime   c locks ,   vend ing   mach ines ) ,   and  by s t a r t i n g  and   s topping   la rge   motors .  
T h e r e f o r e ,   t h e   r e q u i r e m e n t s   t h a t   t h e   f i r s t   s h i e l d  l i m i t  i n t e r f e r e n c e   f r o m  
e x t e r n a l   s o u r c e s   t o   l e v e l s   c o m p a r a b l e   t o   t h o s e   g e n e r a t e d   i n t e r n a l l y  i s  no t  
u s u a l l y   o v e r l y   r e s t r i c t i v e .  

". - ~ -. ~ ~ "" ~ ~ - 
~~ ~ ~~ ~" "~ ~ ~ 

~ . . . ~~ ,~ ~ 

9- 

A t  t h e   s e c o n d   l e v e l   o f   s h i e l d i n g ,   u s u a l l y   t h e   e l e c t r o n i c   e q u i p m e n t   c a s e ,   t h e  
i n t e r f e r e n c e   m u s t   b e   f u r t h e r   r e d u c e d   u n t i l  i t  i s  smaller t h a n   t h e   l o g i c   l e v e l s  
u s e d   i n   t h e   e l e c t r o n i c   c i r c u i t s .   S i n c e   t h e s e   l e v e l s  are typ ica l ly   be tween  a 
f r a c t i o n   o f  a v o l t  and a few vo l t s ,   t he   s econd   sh i e ld   mus t   be   capab le   . o f  
r educ ing   t he   i n t e r f e rence   i nduced   on   sma l l - s igna l   conduc to r s  by s o u r c e s   o u t s i d e  
t h e   s h i e l d   t o  a f r a c t i o n   o f  a v o l t .   T h i s   r e q u i r e m e n t  i s  a g a i n   n o t   o v e r l y  
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r e s t r i c t ive  b e c a u s e   t h e   s e v e r i t y   o f   t h e   e n v i r o n m e n t   o u t s i d e   t h e   s e c o n d   s h i e l d  
h a s   a l r e a d y   b e e n   l i m i t e d   b y   t h e   f i r s t   s h i e l d .  In f ac t ,  the s e c o n d   s h i e l d  w i l l  
o r d i n a r i l y   b e   s p e c i f i e d  by the   e lec t ronic   equipme.n t   manufac turer ,   and   the  
s h i e l d i n g   r e q u i r e m e n t  i s  mere ly  a s p e c i f i c a t i o n   t h a t   t h e   e q u i p m e n t   s h o u l d   o p e r -  
a te  r e l i a b l y   i n   t h e   a m b i e n t   e n v i r o n m e n t   t o   w h i c h  i t  w i l l  no rma l ly   be   sub jec t ed .  

E x c e p t i o n a l l y   n o i s y   i n t e r m e d i a t e   e n v i r o n m e n t s  may be  produced  by  high-power 
t r a n s m i t t e r s ,   l a r g e   r e c t i f i e r s ,   d i a t h e r m y   e q u i p m e n t ,   e t c . ,   i n s i d e   t h e   f a c i l i t y .  
It i s  o f t e n   d e s i r a b l e   t o   r e d u c e   t h e   i n t e r f e r e n c e   p r o d u c e d  by these   mach ines   t o  
a v o i d   p r o c u r i n g   s p e c i a l   h i g h - t o l e r a n c e   e q u i p m e n t   f o r  a f a c i l i t y .  Two topo- 
l o g i c a l l y   d i f f e r e n t   a p p r o a c h e s   t o   c o n t r o l l i n g   s u c h   s o u r c e s  are d e p i c t e d   i n  
F i g u r e  9 .  I n   t h e   f i r s t   a p p r o a c h ,   t h e   f i r s t   s h i e l d  i s  d i s t o r t e d   t o   e x c l u d e   t h e  
o f f end ing   sou rce ,   t hus   p re se rv ing   t he   modera t e   i n t e rmed ia t e   env i ronmen t   w i th  
one   sh i e ld .   In   t he   s econd   approach   [F igu re   9 (b ) ]  a s e p a r a t e   s h i e l d  i s  provided 
t o   c o n f i n e   t h e   o f f e n d i n g   s o u r c e .  The same p r i n c i p l e s  a re  u s e d   t o   d e s i g n   t h e  
c o n f i n i n g   s h i e l d   ( s h i e l d  1B) a s  are u s e d   t o   d e s i g n   t h e   f a c i l i t y   s h i e l d   ( s h i e l d  
1A) e x c e p t   t h e   s o u r c e  i s  i n s i d e   s h i e l d  l B ,  w h i l e  i t  i s  o u t s i d e   s h i e l d  1A.  

CONCLUSIONS 

I n t e r f e r e n c e   c o n t r o l  i s  p r i m a r i l y  a matter o f   p r o v i d i n g   a d e q u a t e   s h i e l d i n g  
b a r r i e r s   b e t w e e n   t h e   i n t e r f e r e n c e   s o u r c e s  and p o t e n t i a l   v i c t i m   c i r c u i t s ,   s i n c e  
i n t e r f e r i n g   s i g n a l s   o f  a g i v e n   a m p l i t u d e   a n d   s p e c t r a l   c o n t e n t  w i l l  produce s i m i -  
l a r  u n d e s i r a b l e   e f f e c t s   r e g a r d l e s s   o f   t h e   s o u r c e .  The g o a l   o f   b o t h   i n t e r f e r e n c e  
c o n t r o l  and   e l ec t romagne t i c   compa t ib i l i t y   work  i s  t o  l i m i t  the  amount  of  unde- 
s i r a b l e   s i g n a l   t h a t   r e a c h e s  a v i c t i m   c i r c u i t   t o   l e v e l s   t h a t   t h e   c i r c u i t   c a n  
t o l e r a t e   w i t h o u t   i m p a i r e d   p e r f o r m a n c e .   I n   t h e  EMP a n d   l i g h t n i n g   e n v i r o n m e n t   t h e  
s o u r c e  is  o u t s i d e   t h e   s p a c e   t o   b e   p r o t e c t e d ,   w h i l e   i n   t h e   g e n e r a l  EMC c a s e   t h e  
sou rce  may b e   e i t h e r   o u t s i d e   o r   i n s i d e   t h i s   s p a c e .  The s h i e l d   i n   e i t h e r   c a s e  i s  
used   t o   s epa ra t e   t he   sou rce   f rom  the   p ro t ec t ed   space .  

A s y s t e m a t i c   a p p r o a c h   i n   i n t e r f e r e n c e   c o n t r o l   h a s  as i t s  f o u n d a t i o n   i d e n t i -  
f i c a t i o n   o f   t h e   t o p o l o g y   o f   t h e   s h i e l d i n g   s u r f a c e s .  The i n t e g r i t y   o f   t h e s e  
s h i e l d   s u r f a c e s  i s  t o   b e   p r e s e r v e d   i n  s p i t e  o f   r e q u i r e m e n t s   f o r   i n s u l a t e d   p o w e r  
and s i g n a l   c o n d u c t o r s   t o   p a s s   t h r o u g h   t h e   s h i e l d ,   o r   o f   r e q u i r e m e n t s   f o r   d o o r s ,  
a c c e s s   h a t c h e s ,   e t c . ,   t o   b e   c u t   i n   t h e   s h i e l d  wal l .  Much o f   i n t e r f e r e n c e  
c o n t r o l   t e c h n o l o g y  i s ,  t h e r e f o r e ,   d e v o t e d   t o  

accommodat ing   these   compromises   o f   the   sh ie ld   wi thout   unnecessar i ly   degrading  
t h e   s h i e l d ' s   a b i l i t y   t o   s e p a r a t e   t h e   i n t e r n a l   e n v i r o n m e n t   f r o m   t h e   e x t e r n a l  
environment.  

F i n a l l y ,  a r a t  iona le   has   been   deve loped   fo r   de t e rmin ing  how much s h i e l d i n g  
i s  n e c e s s a r y   f o r  a g i v e n   i n t e r f e r e n c e   s o u r c e   b a s e d   o n   t h e   i n s u l a t i o n   s t r e n g t h  
i n s i d e   t h e   s h i e l d  and   the   expec ted   to le rance   o f   the   v ic t im  equipment .   Thus   the  
sh i e ld   mus t  a t  least  r e d u c e   t h e   i n t e r f e r e n c e   l e v e l   t o   t h a t   w h i c h   t h e   i n s u l a t i o n  
can   w i ths t and ,   bu t  i t  n e e d   n o t   r e d u c e   t h e   i n t e r f e r e n c e   t o  much below  the  ambient  
i n t e r f e r e n c e   l e v e l   g e n e r a t e d   i n   t h e   p r o t e c t e d   r e g i o n   b y   i n t e r n a l   e q u i p m e n t .  
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Figure 9.- Methods of treating very noisy  equipment in a facility. 
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SUMMARY 

The   S ingu la r i ty   Expans ion  Method (SEM) w a s  proposed  by Baum i n   1 9 7 1  as a 
means f o r   d e t e r m i n i n g   a n d   r e p r e s e n t i n g   t h e   t r a n s i e n t   s u r f a c e   c u r r e n t   d e n s i t y  
induced on a sca t te re r  by a t r a n s i e n t   e l e c t r o m a g n e t i c  wave.  The r e s u l t i n g  
m a t h e m a t i c a l   d e s c r i p t i o n   o f   t h e   t r a n s i e n t   s u r f a c e   c u r r e n t  on t h e   o b j e c t  i s  a 
p a r t i c u l a r l y   r o b u s t   o n e   b e c a u s e  of i t s  s i m p l i c i t y  and  because  of i t s  s t r a i g h t -  
f o r w a r d   p h y s i c a l   i n t e r p r e t a t i o n .   T h e   d a t a   r e q u i r e d   t o   r e p r e s e n t   t h e   e l e c t r o -  
m a g n e t i c   s c a t t e r i n g   p r o p e r t i e s   o f  a g i v e n   o b j e c t   c o n s t i t u t e s  a r e l a t i v e l y  
small s e t .  Exper imen ta l   me thods   have   r ecen t ly   been   deve loped   fo r   t he   de t e rmi -  
n a t i o n   o f   t h e  SEM d e s c r i p t i o n ,  so  t h a t  i t  i s  r ea l i s t i c  t o   c h a r a c t e r i z e   i n   a n  
approx ima te   f a sh ion   even   ob jec t s  so  complex i n   s h a p e  as a i r c r a f t .  I t  a p p e a r s  
f e a s i b l e   t o   c h a r a c t e r i z e   t h e   s u r f a c e   c u r r e n t   i n d u c e d  on a i r c r a f t   f l y i n g   i n  
p r o x i m i t y   t o  a l i g h t n i n g   s t r o k e  by way of SEM. To d e t e r m i n e   t h e  means -- 
i n d e e d   t h e   f e a s i b i l i t y  -- of   us ing  SEM t o   c h a r a c t e r i z e   c u r r e n t s   i n d u c e d   d u e   t o  
a d i r e c t   s t r i k e  by l i g h t n i n g  i s  i n   n e e d  of f u r t h e r   s t u d y .  

INTRODUCTION 

The   deve lopment   o f   the   S ingular i ty   Expans ion  Method (SEM) o c c u r r e d   i n  
1970-71 i n   t h e   c o n t e x t   o f   n u c l e a r  EMP coup l ing   p red ic t ion .   The   me thod  w a s  
proposed  by Baum i n   1 9 7 1  [l] and   has   been   ex tens ive ly   e l abora t ed   upon   by   h im 
and   by   o the r   worke r s   i n   t he   yea r s   s ince .  A r e l a t i v e l y   c o m p l e t e   b i b l i o g r a p h y  
is a v a i l a b l e  i n  [ 2 ]  and [ 3 ]  t a k e n   c o l l e c t i v e l y .   A l t h o u g h   t h e   d e v e l o p m e n t  of 
SEM w a s  mot iva ted   by  a t r a n s i e n t   a p p l i c a t i o n ,  i t  c a n   b e   a p p l i e d   t o   f r e q u e n c y -  
domain   s ca t t e r ing   p rob lems ,  as w e l l .  F requency-domain   app l i ca t ions   fo r  SEM 
have   emerged   on ly   recent ly  -- p a r t i c u l a r l y   i n   t h e   c o n t e x t   o f   p h e n o m e n a l o g i c a l  
i n t e r p r e t a t i o n   o f   s h i e l d i n g   p e n e t r a t i o n  [ 41. 

T h e   p r i n c i p a l   d i s t i n g u i s h i n g   f e a t u r e  of t h e  SEM approach i s  t h e   c h a r a c t e r -  
i z a t i o n  of e l e c t r o m a g n e t i c   s c a t t e r i n g   f o r  a g i v e n   o b j e c t   i n  terms of  complex 
n a t u r a l   r e s o n a n c e s  -- p o l e s  -- i n   t h e   L a p l a c e   t r a n s f o r m   p l a n e .   E a c h   c o n j u g a t e  
p o l e - p a i r   c o n s t i t u e n t   o f   t h e  SEM d e s c r i p t i o n   c o n t r i b u t e s   a n   e x p o n e n t i a l l y  
d e c a y i n g   s i n u s o i d a l   c o n s t i t u e n t   i n   t h e   t i m e - d o m a i n   e x p a n s i o n  of t h e   c u r r e n t  
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induced on the   ob jec t .   Thus ,   t he   t r ans i en t   r e sponse  is g i v e n   i n  terms of a 
summation  of damped s i n u s o i d a l   f u n c t i o n s  of t i m e .  The  weight ing  associated 
with  each  s inusoid  depends on t h e   f i e l d   e x c i t i n g   t h e   o b j e c t  and on the  observa-  
t i o n   p o i n t  a t  which   the   sur face   cur ren t  is observed. 

Mathematical ly ,   the  SEM r e p r e s e n t a t i o n   c o m p r i s e s   a n   i n f i n i t e  number  of 
complex  pole-pairs.   In  practice,   however,   the band l i m i t a t i o n  of t h e  waveform 
of t h e   e x c i t a t i o n   f i e l d   r e n d e r s  a l l  bu t  a f i n i t e  number  of p o l e   c o n s t i t u e n t s  
neg l ig ib l e .   Indeed ,   t he  method is most e f f i c i e n t  when app l i ed   w i th   exc i t a t ion  
spectra  which  embrace no more t h a n   t h e   f i r s t  few  resonances of t h e   s t r u c t u r e .  

I n   t h i s   p r e s e n t a t i o n ,  w e  d i s c u s s   t h e  SEM r e p r e s e n t a t i o n  and i ts  i n t e r p r e -  
t a t i o n .   T h i s   d i s c u s s i o n  i s  supported by s imple   examples   per ta in ing   to   th in  
c y l i n d r i c a l   s t r u c t u r e s .  The a l t e r n a t i v e  methods a v a i l a b l e   f o r   o b t a i n i n g   t h e  
d e s c r i p t i o n   f o r  a s p e c i f i c   s t r u c t u r e  are presented ,  and l i m i t a t i o n s  of t h e i r  
a p p l i c a b i l i t y  are d i scussed .   F ina l ly ,   t he   u se  of SEM i n   p r e d i c t i n g   l i g h t n i n g  
i n t e r a c t i o n   w i t h   a i r c r a f t  i s  d i scussed   bo th   i n   t he   nea rby  and d i r e c t - s t r i k e  
cases. The i s sues   dese rv ing   s tudy   i n   o rde r   t o   p rov ide   t he   t oo l s   fo r   t he  
d i r e c t - s t r i k e   c a s e  are de l inea ted .  

THE SEM DESCRIPTION 

Mathematical  Statement of t he   Desc r ip t ion  

We are  concerned  with  the  surface  current  induced on a conduct ing  object  

immersed i n  a l o s s l e s s  medium and exc i t ed  by an   inc ident  wave E ( r , t )  , which 
may be   e i ther   t rans ien t   o r   t ime-harmonic   in   charac te r .  The generic   configura-  
t i o n  is shown i n   F i g u r e  1. The s ingu la r i ty   expans ion   fo r   t he   su r f ace   cu r ren t  
is  wri t ten  in   the  Laplace  t ransform  (complex-frequency)  domain as a pole  
series : 

- i n c  - 

where 

5 . (7 )  r e p r e s e n t s   t h e   " n a t u r a l  modes" f o r   t h e   o b j e c t  , 
n l  

- 
Cni(;) r e p r e s e n t s   t h e   c o u p l i n g   v e c t o r s ,  

( s  1 i s  t h e  se t  of po le s   a s soc ia t ed   w i th   t he   ob jec t ,  and 
n i  

(Bni3 are normal iza t ion   cons tan ts  whose va lue  is as soc ia t ed  

wi th   the   normal iza t ion   chosen   for  j and ? . n i   n i  
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The Laplace   t ransform  f requency   var iab le  is s and t i l d e s  (-) denote  Laplace 
t r ans fo rmed   quan t i t i e s .  The  summation i n d i c a t e d   i n  (1) is doubly  indexed. 

The n o t a t i o n  is  used t o   i n d i c a t e   t h a t   a s s o c i a t e d   w i t h   t h e   n t h   s u r f a c e  eigenmode 
f o r  a g iven   ob jec t  i s  a c o l l e c t i o n  of po le s  { s  1. That i s ,  the   i ndex  i d i s -  

t i ngu i shes  among t h e   p o l e s   a s s o c i a t e d   w i t h  a g iven   e igenfunct ion  of t h e   o b j e c t .  
The o r i g i n  of t hese   a s soc ia t ions   by   e igense t s  is descr ibed  by Baum [ 5 ] .  

ni 

The b racke t   no ta t ion   u sed   i n  (1) i n d i c a t e s  a symmetric product   in tegra ted  
ove r   t he   su r f ace  of t h e   o b j e c t   i n   q u e s t i o n  as fol lows:  

< E (r) ; E (r) > = J-J 
ob j e c t  (r) . E (r) dS. 

I f   e i t h e r  of the   en t r ies   in   the   symmetr ic   p roduct   depends  on more than  one 
independen t   va r i ab le ,   t hen   t he   i n t eg ra t ion   i n  ( 2 )  i s  impl ic i t ly   unders tood  
to   be   ove r   t he  s p a t i a l  v a r i a b l e  common t o   b o t h   e n t r i e s .  

I f   t h e   r e p r e s e n t a t i o n  (1) i s  derived  from a symmetr ic   operator ,   then  the 
c o u p l i n g   v e c t o r s   a r e   i d e n t i c a l   t o   t h e   n a t u r a l  modes, i . e .  

Since a l l  c o n d u c t i n g   s c a t t e r e r s  may be   cha rac t e r i zed  by  an e l e c t r i c   f i e l d   i n t e -  
g r a l   e q u a t i o n  -- i . e .  i n  terms of a symmetric  operator -- t h e  modes may 
always  be  used as coupl ing  vectors ,   provided  the B normal iza t ion   cons tan ts  
a r e   chosen   t o   be   cons i s t en t   w i th   t h i s   u sage .  n i  

It  is  c o n v e n i e n t ,   f o r   i n t e r p r e t i v e   p u r p o s e s ,   t o   c o n s i d e r   i n c i d e n t   f i e l d s  
which are " fac torable" .  Namely, f i e l d s  which  can  be  writ ten  in  the  form 

- 
where f ( s )  i s  a f a c t o r   h a v i n g   t o   d o   w i t h   t h e  time h is tory /spec t rum of t h e  

inc iden t  waveform, while  the  only  frequency  dependence of (r,s) o c c u r s   i n  

t he   con tex t  of propagat ion .   For   example ,   i f   the   inc ident   f ie ld  i s  a l i n e a r l y  
p o l a r i z e d   t r a n s i e n t   p l a n e  wave p ropaga t ing   i n  a d i r ec t ion   g iven  by t h e   u n i t  
vec to r  6 and with a t i m e - h i s t o r y   f ( t ) ,  

0 

and t h e  t e r m  i n   b r a c k e t s  is  i d e n t i f i a b l e  as (F,s). 
0 

The f a c t o r a b l e   i n c i d e n t   f i e l d   f o r m  and the  presumption  of a symmetric 
operator   formulat ion  render  (1) t o   b e  

247 



A f requency-domain  expansion  fol lows  f rom (5) when one sets the  complex 
f r e q u e n c y   v a r i a b l e   t o   v a l u e s  on t h e  j w  axis: 

The  form (6)  i s  c o n v e n i e n t l y   i n t e r p r e t e d   i n  terms of " d i f f e r e n c e   v e c t o r s ' '  
i n   t h e   c o m p l e x   p l a n e   i n   t h e  manner o f t e n   u s e d   i n   c o n t r o l   s y s t e m s   t h e o r y   f o r  
t h e   g r a p h i c a l   c o n s t r u c t i o n   o f  Bode p l o t s .  We d e v e l o p   t h i s   c o n c e p t   w i t h   t h e  
a i d  of   F igure  2 .  We u s e   t h e   t e r m i n o l o g y   ' ' c o m p l e x   d i f f e r e n c e   v e c t o r ' '   t o   i n d i -  
c a t e   t h e   v e c t o r   p o r t r a y a l  of t h e   d i f f e r e n c e   i n  two  complex  numbers i n   t h e  
s - p l a n e .   T h i s   t e r m i n o l o g y   d i f f e r e n t i a t e s   f r o m   t h e   s p a t i a l   " v e c t o r "   o f   w h i c h  
w e  normally  speak.  We e n d e a v o r   t o   i n t e r p r e t  ( 6 )  f o r  a f i x e d   v a l u e   o f   t h e  
f r e q u e n c y   v a r i a b l e  w. C l e a r l y ,   t h e   d e n o m i n a t o r   f a c t o r s  j w  - s are complex 

n i  
d i f f e r e n c e   v e c t o r s ,  as i n d i c a t e d   i n   F i g u r e  2 -- o n e   d i f f e r e n c e  term r e s u l t i n g  
from  each  pole   embraced  in   the  summation  in  ( 6 ) .  Because   t he   complex   d i f f e r -  
e n c e s   a p p e a r   i n   t h e   d e n o m i n a t o r   i n  (6), i t  i s  clear t h a t   t h e  terms a s s o c i a t e d  
wi th   sho r t e r   complex   d i f f e rence   vec to r s   i n   t he   f i gu re   domina te   i n   t he   summat ion .  
A r e s o n a n c e   i n t e r p r e t a t i o n ,   t h u s ,  i s  e v i d e n t :  a f r equency   va lue   nea r  a p o l e  
r e s u l t s   i n   a n   e m p h a s i s  of t h a t   p o l e  term and i t s  a s s o c i a t e d  mode r e l a t i v e   t o  
o t h e r  terms i n   t h e  summation  and r e l a t i v e   t o  i t s  v a l u e  when t h e   f r e q u e n c y  i s  
f u r t h e r   f r o m  i t .  T h i s   r e l a t i o n s h i p  i s  i l l u s t r a t e d   i n   F i g u r e   2 b .  

T h e   s i n g u l a r i t y   e x p a n s i o n   f o r   t h e   c a s e   o f  a t r a n s i e n t   e x c i t a t i o n   r e s u l t s  
f rom  the   Lap lace   t r ans fo rm  inve r s ion   o f  (5) .  T h e   r e s u l t  may b e   w r i t t e n  as 

w h e r e   i n d i c a t e s  a gene r i c   coup l ing   coe f f i c i en t   fo rm,   and   r e su l t s   f rom 

t h e  time domain i n t e r p r e t a t i o n  of t h e   f a c t o r  

i n   t h e   L a p l a c e   i n v e r s i o n   p r o c e s s .   D i f f e r e n t   c o u p l i n g   c o e f f i c i e n t   f o r m s  may b e  
d e f i n e d   t o   a c c o u n t   f o r   d i f f e r e n t   f o r m s  of t h e   s p a t i a l   p a r t  of t h e   i n c i d e n t  
wave .   For   example ,   p lanewave   coef f ic ien ts ,   cy l indr ica l  wave c o e f f i c i e n t s ,  
s p h e r i c a l  wave c o e f f i c i e n t s ,  e tc .  There are  s e v e r a l   o t h e r   m a t h e m a t i c a l   n u a n c e s  
w h i c h   a l l o w   o n e   t o   c h o o s e   o t h e r   a s p e c t s   o f   c o u p l i n g   c o e f f i c i e n t   f o r m s .  Baum 
d e l i n e a t e d   s e v e r a l  of t h e s e   i n   h i s   o r i g i n a l   d e s c r i p t i o n   o f  SEM [ l ] ,  and 
Pearson,   Wil ton  and  Mit t ra   have  added some i n s i g h t s   i n t o   t h e   o r i g i n s  of 
d i f f e r e n t   f o r m s  [6]. 
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We i n t r o d u c e   t w o   a l t e r n a t i v e   p l a n e w a v e   i n c i d e n c e   f o r m s   h e r e   t o   i n d i c a t e  
t h e   n a t u r e  of t h e s e   a l t e r n a t i v e s .  A Class 1 form may b e   w r i t t e n  

and a Class 2 form as 

The t i m e  dependence  of   the Class 2 form stems f rom  the   l imi t ing   o f   t he   domain  
of i n t e g r a t i o n   t o   a n   “ i l l u m i n a t e d   r e g i o n ”   w h i c h   e x p a n d s   a c r o s s   t h e   o b j e c t  
beh ind   t he   i nc iden t   wave f ron t  as i n d i c a t e d   i n   F i g u r e   3 .  It is e v i d e n t   t h a t  
t h e  Class 2 fo rm  becomes   cons t an t   and   equa l   t o   t he  Class 1 form as the   wave f ron t  
c lears  t h e   o b j e c t .  

T h e   r e f e r e n c e   v e c t o r  r d e n o t e s   t h e   s p a c e - t i m e   o r i g i n   f o r   t h e   i n c i d e n t  0 
wave r e p r e s e n t a t i o n ,  i . e . ,  a p o i n t   i n   s p a c e   w h i c h  l i e s  on the   wave f ron t  a t  
t = 0. A u s e f u l   r e s t r i c t i o n  on (8) and ( 9 )  i s  t o   c h o o s e  r t o   b e   t h e   f i r s t  

po in t   o f   con tac t  of t h e   i n c i d e n t   w a v e f r o n t   w i t h   t h e   o b j e c t  as shown i n   F i g u r e  1. 
M a t h e m a t i c a l l y ,   t h i s  r i s  s u c h   t h a t  

0 

0 

h - A 

p .  r O = m i n  p .  r .  
r 

- 
- 

T h i s   r e s u l t s   i n  a c u r r e n t   r e s p o n s e   o n   t h e   o b j e c t   b e g i n n i n g  a t  t = 0. 

The time i n v a r i a n c e   o f   t h e  Class 1 c o u p l i n g   c o e f f i c i e n t  i s  a convenient  
f e a t u r e .  I ts  u s e   c a n   l e a d   t o  act ive e q u i v a l e n t   c i r c u i t   f o r m s   r e p r e s e n t i n g   t h e  
e n e r g y - c o l l e c t i n g   p r o p e r t i e s   o f  a loaded scatterer o r   a n t e n n a   [ 7 , 8 , 9 ] .  How- 
e v e r ,  i t  has   been  shown t h a t   t h e  Class l c o u p l i n g   c o e f f i c i e n t   p l a c e s   a r d u o u s  
requi rements  on the   accuracy   and   comple teness  of t h e  SEM d a t a   [ 1 0 , 4 ] .  

Example  of SEM Data - S t r a i g h t  Wire Scatterer 

The SEM q u a n t i t i e s   f o r  a s t r a i g h t - w i r e  scat terer  may b e   d e r i v e d   f r o m  a 
numer ica l   model   for   the   s t ruc ture   based   on   the   method  of  moments [ l l ] .   T e s c h e  
f i r s t   c a r r i e d   o u t   t h i s   a n a l y s i s ,   a n d   h i s   r e s u l t s  are r e p o r t e d   i n   [ 1 2 , 1 3 ] .  

The  poles   which  have  been  computed  for  a s t r a i g h t  w i r e  w h o s e   l e n g t h   t o  
d i a m e t e r   r a t i o  i s  100 are g iven   i n   F igu re   4 .   The   s econd   quadran t   po le s  are 
shown: t h i r d   q u a d r a n t   c o n j u g a t e   c o m p a n i o n s   e x i s t ,  as w e l l .  The arcs connec- 
t i n g   p o l e s   i n d i c a t e   t h e i r   a s s o c i a t i o n   w i t h  a g i v e n   e i g e n v a l u e   f o r   t h e   i n t e g r a l  
equat ion   f rom  which   they  were d e r i v e d .   T h e s e   g r o u p i n g s ,   c o n j e c t u r e d   b y   W i l t o n  
for t h e  wire, were r e p o r t e d   i n   [ 1 4 ] .   T h i s  is the   commona l i ty   a s soc ia t ed   w i th  
t h e   i n d e x   n .  It is  seen   t ha t   i nc reas ing ly   h igh -o rde red   e igenva lues   have   more  
p o l e s   a s s o c i a t e d   w i t h  them. 
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The  wel l -known  resonance  behavior  of t h e  w i r e  i s  s e e n   t o   b e   a s s o c i a t e d  
w i t h  a " l a y e r "   o f   p o l e s   l y i n g   q u i t e  near t h e  j w  axis. A subsequent   f requency-  
d o m a i n   e x p a n s i o n   e x a m p l e   i l l u s t r a t e s   t h i s   c l e a r l y .  

Modes a s s o c i a t e d   w i t h   s e l e c t e d   p o l e s  are d i s p l a y e d   i n   F i g u r e s  5 , 6 ,  and 7. 
F i g u r e s  5 and 6 show  modes a s s o c i a t e d   w i t h   f i r s t   l a y e r   p o l e s   f o r  several d i f f e r -  
e n t   e i g e n s e t s .   N o t i c e ,   i n   p a r t i c u l a r ,   t h a t   t h e y  are q u i t e   n e a r l y   s i n u s o i d a l  
i n   c h a r a c t e r ;   a l t h o u g h   o n e   c a n n o t   i g n o r e   t h e   a p p r e c i a b l e   i m a g i n a r y   p a r t s  of 
t h e s e   m o d e s ,   p a r t i c u l a r l y   f o r   t h e   h i g h e r - o r d e r e d   e i g e n v a l u e s .   F i g u r e  7 shows 
t h e  modes a s s o c i a t e d   w i t h   t h e   f o u r t h   e i g e n s e t   p o l e s .   ( O n l y   t h e  modes c o r r e s -  
ponding t o   s e c o n d   q u a d r a n t   p o l e s  are g iven:   The   comple te   e igense t   compr ises  
c o n j u g a t e  modes a s s o c i a t e d   w i t h   t h e   c o n j u g a t e   p o l e s ,   t o o . )  It  i s  p a r t i c u l a r l y  
n o t e w o r t h y   t h a t  a l l  o f   t h e  modes a s s o c i a t e d   w i t h   t h i s   f o u r t h   e i g e n v a l u e   h a v e  
fou r   "ha l f - cyc le s"   a s soc ia t ed   w i th   t hem,   t hough   t he  re la t ive  prominence  of 
them s h i f t s   f r o m  mode t o  mode. 

The f i n a l   c o n s t i t u e n t s  of t h e  SEM d e s c r i p t i o n   f o r   t h e   s t r u c t u r e  are t h e  
n o r m a l i z a t i o n   c o n s t a n t s  B S i n c e   t h e y   p r o v i d e   n o   p h y s i c a l   i n s i g h t   i n t o   t h e  

b e h a v i o r   o f   t h e   s t r u c t u r e   t h e y  are no t   r ep roduced   he re .   The   i n t e re s t ed   r eade r  
i s  r e f e r r e d   t o   r e f e r e n c e s   [ 1 3 ]   o r  [ 4 ]  f o r   t h e i r   t a b u l a t i o n .  

n i '  

Specimen  Resul ts  
from SEM Computations 

We present  two  examples  of SEM c o m p u t a t i o n   f o r   t h e   s t r a i g h t  wire s t r u c t u r e  
whose SEM c h a r a c t e r i z a t i o n  is d e s c r i b e d   a b o v e .   T h i s   s t r u c t u r e  i s  chosen 
because  of i t s  re la t ive  s i m p l i c i t y   a n d   b e c a u s e   t h e   r e s u l t s   d e r i v e d  are rela- 
t i v e l y   f a m i l i a r   a n d  are r e a d i l y   i n t e r p r e t e d .  

We f i r s t   c o n s i d e r   t h e   c o m p u t a t i o n  of t h e   i n p u t   a d m i t t a n c e   f r e q u e n c y  
r e s p o n s e   f o r  a th in   symmet r i c   d ipo le   an t enna .   Th i s  is modeled  with SEM by 
us ing   the   f requency-domain   expans ion  (6 )  a n d   p a r t i c u l a r i z i n g   t h e   i n c i d e n t   f i e l d  
t o  a l o c a l i z e d  e l ec t r i c  f i e l d  a t  t h e   c e n t e r   o f   t h e   s t r u c t u r e   a c r o s s   t h e   f e e d  
gap .   S ince  a c e n t e r - f e d   s t r u c t u r e  is  c o n s i d e r e d ,   t h e  symmetric p r o d u c t s  
b e t w e e n   t h i s   f i e l d   a n d   t h e   c u r r e n t   n a t u r a l  modes  which are  odd f u n c t i o n s   o f  z 
(even- indexed   e igense ts )  are  zero .  

The r e s u l t  o f   an   input   admi t tance   computed   f rom  the   S ingular i ty   Expans ion  
(6) f o r   t h e   c u r r e n t   o n   t h i s   s t r u c t u r e  i s  g i v e n   i n   F i g u r e  8. T h e   f a m i l i a r  
a d m i t t a n c e   b e h a v i o r   c h a r a c t e r i s t i c   t o  a d i p o l e   a n t e n n a  is evident.   Each  of 
t h e   o d d - i n d e x e d   f i r s t   l a y e r   p o l e s   c o n t r i b u t e s  a r e s o n a n c e   t o   t h e   r e s p o n s e .  
The   even- indexed   po les   do   no t ,   because   the   zero   coupl ing   products   ind ica ted  
above   de le te   them  f rom  the  series. Nine f i r s t   l a y e r   p o l e s  were u s e d   i n   t h e  
c o m p u t a t i o n   o f   t h e   r e s u l t s   i n   F i g u r e  8. A t a i l i n g   o f f   o f   t h e  react ive compon- 
e n t  of a d m i t t a n c e  i s  s e e n   a b o v e   t h e   f o u r t h   r e s o n a n c e   ( s e v e n t h   p o l e ) .   T h i s  
o c c u r s   b e c a u s e   t h e   t r u n c a t i o n   o f   t h e  series h a s   d e l e t e   c o n s t i t u e n t s  of t h e  
a d m i t t a n c e   w h i c h   b e g i n   t o   b e   s i g n i f i c a n t   f o r   n o r m a l i z e d   f r e q u e n c y   v a l u e s  much 
l a r g e r   t h a n   e v e n   o n   t h e  scale  i n   t h e   F i g u r e .  

F i g u r e  9 shows a t rans ien t   cur ren t   waveform  computed  a t  t h e   c e n t e r  of a 
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w i r e  scatterer w i t h  (7)  and   u s ing   t he  Class 2 c o u p l i n g   c o e f f i c i e n t  (9 ) .  

A p l a n e  wave wi th   Gauss i an   t ime-h i s to ry  excites the w i r e  a t  30 d e g r e e s   o f f  
b r o a d s i d e .   T h e   s o l i d   l i n e   e x h i b i t s   t h e   c u r r e n t   r e s p o n s e   w h i c h  is c h a r a c t e r -  
i s t i c  o f   t h e   s t r u c t u r e   a n d   i n d e e d   h a s   b e e n   v a l i d a t e d   b y   o t h e r   c o m p u t a t i o n a l  
me thods .   The   dashed   l i ne ,   on , the   o the r   hand ,   depa r t s   app rec i ab ly   f rom the 
c o r r e c t   v a l u e   i n   t h e   e a r l y  time, though i t  i s  i n d i s t i n g u i s h a b l e   f r o m   t h e   s o l i d  
c u r v e   i n   t h e  la te  time. T h e   s o l i d   l i n e  i s  computed  using a Class 2 coupl ing  
c o e f f i c i e n t   w h i l e   t h e   d a s h e d   l i n e   u s e s   t h e  Class 1. T h e   d e p a r t u r e   o f   t h e  l a t -  
ter is  due t o   a c u t e   s e n s i t i v i t y   o f   t h e  Class 1 form t o   e r r o r s   i n   p o l e   l o c a t i o n  
i n  t h e   e a r l y  t i m e  as w e  i n d i c a t e d   p r e v i o u s l y .  

METHODS FOR OBTAINING 
SEM DESCRIPTIONS 

Ana ly t i ca l   De te rmina t ion  

P e r h a p s   t h e   m o s t   s a t i s f y i n g   m a t h e m a t i c a l   d e r i v a t i o n   o f   t h e   S i n g u l a r i t y  
Expansion  proceeds  by way o f   a n   e i g e n f u n c t i o n   a n a l y s i s   o f   a n   i n t e g r a l   e q u a t i o n  
d e s c r i p t i o n  of t h e   s c a t t e r e r .  Baum carries ou t   t h i s   deve lopmen t   i n   [5 ] ,   and  
i t  may be   found   i n   [6 ] .   However ,   t he   fo rma l   p rocedure   can   be   ca r r i ed   ou t   fo r  
on ly  a f e w   s t r u c t u r e s ,   i n   p r a c t i c e .   T h e   s t r u c t u r e   m u s t   c o n f o r m   o r   a p p r o x i -  
mate ly   conform  to  a s e p a r a b l e   c o o r d i n a t e   s y s t e m .  

T h e   s e p a r a b i l i t y   r e q u i r e m e n t   a p p e a r s   t o  limit a n a l y t i c a l   d e t e r m i n a t i o n  of 
SEN q u a n t i t i e s   t o  two   geomet r i e s :   t he   pe r f ec t ly   conduc t ing   sphe re   and   t he   t h in  
w i r e  loop.  The l a t t e r  s t r u c t u r e  i s ,  i n   f a c t ,   t r a c t a b l e   o n l y   t h r o u g h   a p p r o x i m a -  
t i o n .  The  sphere w a s  f i r s t   i n   t h e   l i g h t  of SEM i n   [ l ]   w h i l e   t h e   l o o p  w a s  
t r e a t e d   b y  Umashankar  and  Wilton  [15]. 

T h e s e   a n a l y t i c a l   r e s u l t s   h a v e   p r o v e n   u s e f u l   i n   o n l y  a f e w   p r a c t i c a l   a p p l i -  
ca t ions ;   and ,   consequen t ly ,  w e  d o   n o t   p r e s e n t   d e t a i l s   h e r e .  On t h e   o t h e r   h a n d ,  

h a v e   p r o v e n   i m m e n s e l y   u s e f u l   t o   t h e o r i s t s   i n   d i s c e r n i n g   a n d   v e r i f y i n g   t h e  mdth- 
ema t i ca l   concep t s   o f  SEM. 

t h e s e  two  example s t r u c t u r e s ,   b e i n g   a m e n a b l e   t o   a n a l y t i c a l  SEM t r e a t m e n t ,  

Numer ica l   de t e rmina t ion   o f   t he  SEM c h a r a c t e r i z a t i o n   c a n   b e   d e t e r m i n e d  
through  the   use   o f   numer ica l   methods   appl ied   to   Laplace   t ransform  domain   in te -  
g r a l   e q u a t i o n s   d e s c r i b i n g   t h e   s t r u c t u r e ' s  e l ec t r i ca l  r e s p o n s e .   I n   p a r t i c u l a r  
the  method of moments d e s c r i b e d   b y   H a r r i n g t o n   [ l l ]   h a s   p r o v e n   p a r t i c u l a r l y   u s e -  
f u l .   F o r   e x a m p l e ,   t h e   s t r a i g h t  w i r e  r e s u l t s   i n   t h e   p r e v i o u s   s e c t i o n  were 
determined  by moment method  modeling. A v a r i e t y  of o t h e r   s t r u c t u r e s   h a v e   b e e n  
SEM-charac t e r i zed   u s ing   t h i s   app roach .   In   t he   p re sen t   con tex t ,   pe rhaps   t he  
most  germane  work is t h a t  of  Crow, et. &. [16] .   Their   work on SEN c h a r a c t e r i z a -  
t i o n  of m u l t i p l e  wire s t r u c t u r e s  can b e   e x t e n d e d   t o   t h e   d e t e r m i n a t i o n   o f  SEM 
q u a n t i t i e s   f o r  w i r e  m o d e l s   o f   a i r c r a f t .  A s t u d y  i s  p r e s e n t l y   u n d e r  way by 
Pea r son   and   h i s   coworke r s   i n   deve lop ing  SEM d e s c r i p t i o n s   f o r   c y l i n d e r s   w h i c h  
are s u f f i c i e n t l y   t h i c k   t o   a p p r o x i m a t e  missiles. 

The   approach   u sed   i n   numer i ca l   de t e rmina t ion   o f  SEM q u a n t i t i e s  is t o  
s e a r c h   f o r   t h e   p o l e s  of t h e   s t r u c t u r e   i n   q u e s t i o n  a n d   t h e n   t o   d e t e r m i n e   t h e  
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rest of t he   quan t i t i e s .   The   me thod   o f   moment s   r educes   an   i n t eg ra l   equa t ion  
f o r m u l a t i o n   f o r   c u r r e n t   o n   t h e   o b j e c t   t o   a n   a p p r o x i m a t e l y   e q u i v a l e n t  matrix 
e q u a t i o n  

[ M ( s ) l   [ I ( s ) l  = [El(s)l , (10) 

where   t he  [ f (s)  3 v e c t o r  is  t h e  new C u r r e n t T r e l a t e d  unknown, [ e ( s ) ]  is a v e c t o r  
c h a r a c t e r i z i n g   t h e   e x c i t a t i o n   f i e l d ;   a n d   [ M ( s ) ]  i s  a m a t r i x   a p p r o x i m a t i o n   t o  
t h e   i n t e g r a l   o p e r a t o r .   T h e   c u r r e n t   v e c t o r   t h u s  i s  

[ f ( s ) [  = [M(s)]- l  [E(s)].  (11) 

We o b s e r v e   t h a t  a p o l e   o f  [ f (s)  J r e s u l t s   w h e n e v e r  [ M ( s )  J is s i n g u l a r ,   o r ,  
e q u i v a l e n t l y   f o r  

-1 

d e t  [fi(s) J = 0 . (12)  

T h e r e f o r e ,   p o l e s  may be   ob ta ined   by   comput ing   de t  [MI as a f u n c t i o n  of s 
a n d   s y s t e m a t i c a l l y   s e a r c h i n g   f o r   t h e   p o l e   v a l u e s  s s u c h   t h a t  n i  

det   [M(sni)]  = 0 . 

T h e   n a t u r a l  modes f o l l o w  as homogeneous s o l u t i o n s   t o   t h e  
p o l e  : 

A homogeneous s o l u t i o n ,  o f   c o u r s e ,   e x i s t s   b e c a u s e   o f   t h e  

Baum d e s c r i b e s   t h e s e   c o n c e p t s   t h o r o u g h l y   i n  [ 2 ]  and 
d e s c r i b e   e x t r e m e l y   e f f e c t i v e  means  of l o c a t i n g   t h e   p o l e s  

(13) 

matrix e q u a t i o n  a t  a 

(14) 

z e r o   d e t e r m i n a n t  ( 1 3 ) .  

S i n g a r a j  u ,  e t .  a l .  
[171. 

Some a s p e c t s  of t h e   n u m e r i c a l   a p p r o a c h   w h i c h   u l t i m a t e l y   d i c t a t e  i t s  r a n g e  
of a p p l i c a b i l i t y   s h o u l d   b e   p o i n t e d   o u t .   F i r s t ,   t h e   f r e q u e n c y   r a n g e   o v e r   w h i c h  
p o l e s  may be   de te rmined  i s  l imited.   The  method  of moments r e q u i r e s   r o u g h l y  72 
unknowns pe r   squa re   wave leng th  of s u r f a c e  area of t h e   s c a t t e r i n g   o b j e c t   u n d e r  
c o n s i d e r a t i o n .   T h i s   p r a c t i c a l l y  limits t h e  method t o   d e t e r m i n i n g   t h e   f i r s t   f e w  
r e s o n a n c e s   o f   t h e   o b j e c t .  It i s  e v i d e n t ,   f o r   e x a m p l e ,   t h a t  wire s t r u c t u r e s  
may b e   m o r e   t h o r o u g h l y   c h a r a c t e r i z e d   t h a n   s t r u c t u r e s   w i t h   s u r f a c e s .  On t h e  
o t h e r   h a n d ,   f o r  many e x c i t a t i o n   s p e c t r a ,  a f ew  r e sonances  w i l l  s u f f i c e .   T h e  
s e c o n d   p r i n c i p a l   l i m i t i n g   a s p e c t   o f   t h e   n u m e r i c a l   a p p r o a c h  is i n t e r r e l a t e d   w i t h  
t h e   f i r s t .  Namely, t h e   n u m e r i c a l   d e t e r m i n a t i o n   o f   t h e  SEM q u a n t i t i e s  i s  compu- 
t a t i o n a l l y   e x p e n s i v e .  I t  is q u i t e   e v i d e n t   f r o m   t h e   g e n e r a l i t y   i n   w h i c h   t h e  
SEM c h a r a c t e r i z a t i o n   a p p l i e s ,   t h a t   o n e   p o s s e s s e s  a tremendous amount  of i n f o r -  
mat ion -- a l b e i t   c o m p a c t l y   r e p r e s e n t e d  -- o n c e   t h e   c h a r a c t e r i z i n g   q u a n t i t i e s  
are  i n  hand. One must   expec t   to   pay  a computa t iona l   cos t   commensura te   wi th   the  
i n f o r m a t i o n   v a l u e   o b t a i n e d .   F o r   e x a m p l e ,   t h e   p o l e   l o c a t i o n   p r o c e d u r e s  of [17]  
are p a r t i c u l a r l y   e f f i c i e n t  re la t ive t o   o t h e r   a l t e r n a t i v e s   a v a i l a b l e .  Even s o ,  
t o   d e t e r m i n e ,   s a y   t h e  f irst  ten   resonances   o f  a s t r u c t u r e ,   m i g h t   i n v o l v e   f r o m  
a few t o  several thousand   eva lua t ions   o f   t he  moment matrix and i t s  de terminant .  
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Experimental   Determinat ion 

C o n c o m i t a n t   w i t h   t h e   s i z e   l i m i t a t i o n  of t h e   n u m e r i c a l   a p p r o a c h  is a l i m i -  
t a t i o n   o n  the geomet r i c   complex i ty   o f   ob jec t s   wh ich   can   be   cha rac t e r i zed .  On 
t h e   o t h e r   h a n d ,   t h e   u t i l i t y   o f   t h e  SEM d e s c r i p t i o n   i n  many c o n t e x t s   h i n g e s   o n  
t h e   c h a r a c t e r i z a t i o n  o f   complex - shaped   ob jec t s ,   f o r   example ,   a i r c ra f t .  

Van Blaricum  and Mittra were t h e   f i r s t   t o   r e c o g n i z e   t h e   u t i l i t y   t o  SEM of 
t h e   d e t e r m i n a t i o n  of p o l e   c o n t e n t  i s  a t r a n s i e n t  wavef o m  [ 181. A g r e a t   d e a l  
of   re la ted   work   by  many w o r k e r s   h a s   p r o c e e d e d   i n   t h i s  area s i n c e   t h e y   i n t r o -  
duced  the  concepts .   Recent ly ,   Pearson  and  Roberson [ 1 9 ]  por t r ayed   an   approach  
where  an  approximate SEM d e s c r i p t i o n  of a reasonably   complex   ob jec t  may b e  
o b t a i n e d   e x p e r i m e n t a l l y   u s i n g   p o l e   i d e n t i f i c a t i o n   c o n c e p t s .   F i g u r e   1 0   p o r t r a y s ,  
g e n e r i c a l l y ,  a s u i t a b l e   e x p e r i m e n t a l   c o n f i g u r a t i o n .   T h e  small a r rows   repre-  
s e n t ,   s c h e m a t i c a l l y ,  small p r o b e s   w h i c h   s a m p l e   t h e   l o c a l   t r a n s i e n t   s u r f a c e  
cu r ren t   componen t s   exc i t ed   on   an   ob jec t  when t h e   o b j e c t  i s  i l l u m i n a t e d   b y  a 
known t r a n s i e n t   f i e l d .  A s y s t e m a t i c   r e d u c t i o n   o f   t h e   d a t a   o b t a i n e d   f r o m  a 
m u l t i p l i c i t y   o f   t h e s e   p r o b e s   s c a t t e r e d   o v e r   t h e   o b j e c t   l e a d s   t o  a rough  approx- 
i m a t i o n   t o   t h e  SEM d e s c r i p t i o n .  

An experimental   implementation  of  this  scheme  using  ground-plane  symmetry 
w a s  reported  by  Pearson  and Lee o n l y   r e c e n t l y  [ 2 0 ] .  F i g u r e  11 d i s p l a y s   t h e  
f i r s t   f o u r   e v e n   f u n c t i o n   c u r r e n t  modes e x p e r i m e n t a l l y   d e t e r m i n e d   f o r  a t h i n  
c y l i n d e r   t a k e n   f r o m  [ 2 0 ] .  T e s c h e ' s   r e s u l t s   d e s c r i b e d   p r e v i o u s l y   h e r e i n  are  
d isp layed   for   compar ison .   The   h ighes t -ordered  mode d i s p l a y e d  (mode 7)  i s  o n l y  
c rude ly   de te rmined .   This  is d u e   t o   t h e   f a c t   t h a t   t h e   e x c i t a t i o n   s p e c t r u m  w a s  
q u i t e  weak a t  t h e   f r e q u e n c y   a s s o c i a t e d   w i t h   t h i s  mode, t h e r e b y   l e a d i n g   t o   p o o r  
s i g n a l - t o - n o i s e   r a t i o   f o r   t h i s  mode. The   techniques  of [ 2 0 ]  are p r e s e n t l y  
l imi ted   to   g round-plane   measurements .   This  restricts t h e i r   a p p l i c a b i l i t y  t o  
twofo ld - symmet r i c   ob jec t s   and   p rec ludes   t he   r ecove ry  of one  of  the  two  symmetry 
classes of  modes [ 1 9 ] .  Work h a s   r e c e n t l y   b e g u n   t o   d e v e l o p   m i n i a t u r i z e d   t r a n -  
s i e n t   t e l e m e t r y   m e t h o d s  so  tha t   t he   measu remen t s  may b e  made i n  a f r e e - f i e l d  
environment , t h e r e b y   l i f t i n g   t h e s e   r e s t r i c t i o n s .  

APPLICATION OF SEM TO 
LIGHTNING INTERACTION PROBLEMS 

L i g h t n i n g   S t r o k e   i n   P r o x i m i t y  
t o   a n   A i r c r a f t  

T h e   a p p l i c a t i o n   o f  SEM c o n c e p t s   t o   t h e   p r e d i c t i o n   o f   c u r r e n t s   i n d u c e d   o n  
a n   a i r c r a f t   b y   r a d i a t i o n   f r o m  a s t r o k e  of l i g h t n i n g  i s  s t r a i g h t f o r w a r d .  So 
l o n g  as t h e   l i g h t n i n g   c h a n n e l  i s  a f ew  a i r c ra f t   d imens ions   r emoved   f rom  the  
a i r c r a f t ,   t h e   e n e r g y   t r a n s f e r  w i l l  b e   a l m o s t   s o l e l y   d u e   t o   r a d i a t i o n ,   a n d  a 
d i r e c t   a p p l i c a t i o n   o f  ( 7 )  is p rope r .   In   p r inc ip l e ,   one   s imply   chooses   t he  
(presumably known) e lectr ic  f i e l d   r a d i a t e d   b y   t h e   l i g h t n i n g   s t r o k e   a n d   i n c o r -  
p o r a t e s  i t  i n t o   t h e   i n c i d e n t   f i e l d   d e p e n d e n t   e n t r i e s   i n   t h e   e x p a n s i o n .   I f   o n e  
a t t e m p t s   t o   a p p l y   t h e  SEM d e s c r i p t i o n   i n   t h i s   c o n t e x t ,   t h e   d o m i n a n t   i s s u e  i s  
l i k e l y   t o   b e   t h e   d e v e l o p m e n t   o f   t h e  SEM q u a n t i t i e s   w h i c h   d e s c r i b e   t h e   a i r c r a f t  
i n   q u e s t i o n .   I f   b u l k   c u r r e n t   i n f o r m a t i o n   s u f f i c e s   i n   t h e   u s e r ' s   a p p l i c a t i o n ,  
t h e n   t h e  w i r e  e q u i v a l e n t   s t r u c t u r e   m o d e l s   e l a b o r a t i n g   u p o n   t h o s e   i n  [16] 
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conce ivab ly   can  be computed.  Requirements for  m o r e   d e t a i l e d   d a t a   w o u l d   l i k e l y  
f o r c e   o n e   t o   a p p l y   e x p e r i m e n t a l   t e c h n i q u e s   s u c h  as t h o s e   i n  [ 1 9 ]  and [20] .  In-  
deed ,   one   migh t   conduc t   more   ca re fu l ly   de t a i l ed   measu remen t s   i n   r eg ions  of 
h i g h e s t   i n t e r e s t  o n   t h e   a i r c r a f t   s u r f a c e .  

I f   t h e   l i g h t n i n g   s t r o k e  i s  q u i t e   n e a r   t o  the a i r c r a f t ,   t h e   r e s u l t i n g  arc 
channel  w i l l  e x h i b i t   t i g h t   e l e c t r o m a g n e t i c   c o u p l i n g   w i t h   t h e   a i r c r a f t ,   a n d   t h e  
r e sonance   behav io r  w i l l  b e   t h a t  of t he   aggrega te   s t ruc tu re .   Th i s   phenomeno logy  
i s  subs t an t i a l ly   more   complex ,   o f   cou r se .   Fo r   example ,   t he   agg rega te   s t ruc tu re  
resonances  are a f u n c t i o n   o f   t h e  relative o r i e n t a t i o n   o f   t h e  two c o n s t i t u e n t  
s t r u c t u r e s .   W i l t o n   a n d   h i s   a s s o c i a t e s  are e x p l o r i n g   t e c h n i q u e s   f o r   d e d u c i n g  
t h e  SEM d e s c r i p t i o n  of e l e c t r o m a g n e t i c a l l y - c o u p l e d   a g g r e g a t e   s t r u c t u r e s   f r o m  
t h e  SEM d e s c r i p t i o n s  of t he   cons t i t uen t   geomet r i e s .   The   deg ree   o f   success  
a c h i e v a b l e   t h r o u g h   t h i s   a p p r o a c h  i s  n o t  known a t  t h i s   w r i t i n g .  It i s  conceiv- 
a b l e ,   f o r   e x a m p l e ,   t h a t  i ts  v i a b i l i t y  w i l l  h i n g e  on h i g h l y - a c c u r a t e  SEM d a t a  
f o r   t h e   c o n s t i t u e n t   s t r u c t u r e s .   F o r   c o m p l e x - s h a p e d   s t r u c t u r e s ,   h i g h   a c c u r a c y  
i s  l i k e l y   t o   b e   u n a c h i e v a b l e .   T h e   a p p r o a c h ,  on t h e   o t h e r   h a n d ,   c a n   p o t e n t i a l l y  
provide   an   economica l  means of t r e a t i n g   m u l t i p l e   o r i e n t a t i o n s  of   aggrega te  
s t r u c t u r e s .  

Direct S t r i k e   L i g h t n i n g  
Modeling 

To u s e  SEM t o  m o d e l   t h e   s u r f a c e   c u r r e n t   r e s p o n s e  of a n   o b j e c t   s u b j e c t   t o  
a d i r e c t   l i g h t n i n g   s t r i k e  i s  somewhat p rob lema t i ca l .   The   r eason  is t h a t   t h e  
l i g h t n i n g  arc channel   and   the   ob jec t   mus t   be   v iewed as a s i n g l e   s t r u c t u r a l  
u n i t   a n d   t h e   r e s o n a n c e s   a n d  modes  of t h i s   u n i t   d e t e r m i n e d .  It  is q u i t e   e v i d e n t  
t h a t   t h e   m u l t i p l i c i t y  of o r i e n t a t i o n s   a n d   a t t a c h m e n t   p o i n t s   o f   t h e  arc channel  
l e a d   t o   r e q u i r e m e n t s   f o r   t h e   c o m p u t a t i o n   a n d / o r   m e a s u r e m e n t   o f   p o t e n t i a l l y  
p r o h i b i t i v e   q u a n t i t i e s  of   da ta .  A t  b e s t ,   o n e   c o u l d   h o p e   t o  t reat  only  a f e w  
g e n e r i c   c o n f i g u r a t i o n s .  It is u n l i k e l y   t h a t   t h e   s u b s t r u c t u r e   a g g r e g a t e  
a p p r o a c h   r e f e r r e d   t o   i n   t h e   p r e v i o u s   s u b s e c t i o n   c a n   b e   a p p l i e d   t o   t h i s  case 
because   o f   t he   conduc t ive   coup l ing   o f   t he   two   s t ruc tu res .  

CONCLUSIONS 

The S i n g u l a r i t y   E x p a n s i o n   a p p r o a c h   t o   t h e   p r e d i c t i o n  of t he   e l ec t romag-  
n e t i c   t r a n s i e n t   s u r f a c e   c u r r e n t   r e s p o n s e   e x c i t a l  on a i r c r a f t  and missiles i n  
t h e   p r e s e n c e  of a l i g h t n i n g   s t r i k e  is a p o t e n t i a l l y   p o w e r f u l   t o o l .   B e c a u s e  
of i t s  complex   r e sonance   approach   t o   t he   r ep resen ta t ion ,  SEM p r o v i d e s   b o t h  a 
compact   descr ip t ion   and   one   which  i s  r e a d i l y   i n t e r p r e t e d ,   p h y s i c a l l y .  

P r a c t i c a l  SEM d e s c r i p t i o n s  may b e   d e r i v e d   e i t h e r   t h r o u g h   n u m e r i c a l  compu- 
ta t ion   o r   th rough  measurement   and   da ta   reduct ion   methods .   The   numer ica l  
approach is  c o s t l y   t o   a p p l y   f o r  complex - shaped   ob jec t s ,   wh i l e   t he   expe r imen ta l  
approach   i nvo lves  some compromise i n   d a t a   a c c u r a c y   a n d   d e t a i l .  

The  fur ther   development   of  a s u b s t r u c t u r e   a g g r e g a t e   a p p r o a c h   t o   d e t e r m i n -  
i n g   t h e  SEM d e s c r i p t i o n   o f   t i g h t l y - c o u p l e d   b o d i e s  is l i k e l y   t o   p r o v i d e  a t o o l  
h e l p f u l   i n   p r e d i c t i o n s  of responses   where  a l i g h t n i n g   s t r o k e   o c c u r s   n e a r   a n  
a i r c r a f t .  Some f u r t h e r   c o n s i d e r a t i o n  i s  i n   o r d e r  re la t ive  t o  a s imple  SEM 
a p p r o a c h   t o   t h e   p r o b l e m   o f   d i r e c t   l i g h t n i n g   s t r i k e .  

254 



REFERENCES 

1. C. E. Baum, "On t h e   S i n g u l a r i t y   E x p a n s i o n  Method f o r   t h e   S o l u t i o n   o f  Elec- 
t romagnet ic  Interaction Problems," EMP I n t e r a c t i o n   N o t e  88, A i r  F o r c e  
Weapons L a b o r a t o r y ,   K i r t l a n d  AFB, NM, December  1971. 

2. C. E. Baum, "The Singular i ty   Expans ion   Method,"  Ch. 3 i n   T r a n s i e n t   E l e c t r o -  
m a g n e t i c   F i e l d s ,  L. Fe lsen ,   ed . ,   Spr inger -Ver lag ,  New York,  1976. 

3 .  C. E. Baum, "Toward an   Engineer ing   Theory   of   E lec t romagnet ic   Sca t te r ing :  
The  Singularity  and  Eigenmode  Expansion  Methods," Ch. 15 i n   E l e c t r o -  
magnet ic   Sca t te r ing ,   P .L .E.   Us lenghi ,   ed .   Academic   Press ,  New York,  1978. 

4 .  L. W. Pearson,   "Applicat ions  of   the   Singular i ty   Expansion  Method,"   Short  
Course  Notes ,   "Numerical   and  Asymptot ic   Methods  in   Electromagnet ics   and 
Antennas ,"   Syracuse   Univers i ty ,   Sept  . 1979. 

a l s o   a v a i l a b l e  as Univers i ty   o f   Kentucky  Elec t romagnet ics   Research  
Report  79-3,  September,  1979. 

5. C. E .  Baum, "On t h e  Eigenmode  Expansion Method f o r   E l e c t r o m a g n e t i c  Scatter-  
ing  and  Antenna  Problems, P a r t  I: Some Basic R e l a t i o n s   f o r  Eigenmode 
E x p a n s i o n s ,   a n d   t h e i r   R e l a t i o n   t o   t h e   S i n g u l a r i t y   E x p a n s i o n , "  EMP I n t e r -  
ac t ion   Note   229 ,  A i r  Force  Weapons Labora to ry ,   K i r t l and  AFB, NM, January  
1975. 

6. L. W. Pearson ,  D. R. Wilton,  and R.. Mittra, "Some I m p l i c a t i o n s   o f   t h e  
Laplace   Transform  Invers ion  on SEM C o u p l i n g   C o e f f i c i e n t s   i n   t h e  T i m e  
Domain," i n   p r e p a r a t i o n .  

7. C. E. Baum, " S i n g l e   P o r t   E q u i v a l e n t   C i r c u i t s   f o r   A n t e n n a s   a n d   S c a t t e r e r s , "  
EMP In te rac t ion   No te   295 ,  A i r  Force  Weapons L a b o r a t o r y ,   K i r t l a n d  AFB, NM, 
March  1976. 

8. G.  W. S t r eab le   and  L. W. Pearson ,  "On t h e   P h y s i c a l   R e a l i z a b i l i t y  of  Broad- 
b a n d   E q u i v a l e n t   C i r c u i t s   f o r  Wire Loop and  Dipole   Antennas,"   Electro-  
magnet ics   Research  Report   79-1,   Universi ty   of   Kentucky,  May 1979. 

9.  L. W. Pearson  and D. R .  Wi l ton ,  "On t h e   P h y s i c a l   R e a l i z a b i l i t y  of  Broad- 
band Lumped P a r a m e t e r   E q u i v a l e n t   C i r c u i t s   f o r   E n e r g y - C o l l e c t i n g   S t r u c -  
tu res , "   E lec t romagnet ics   Research   Repor t   79-2 ,   Univers i ty   o f   Kentucky,  
Ju ly   1979.  

10. L. W. Pearson,  D. R. Wi l ton ,  F.  Hsu,  and R. Mittra, "Cond i t ions   o f   Va l id i ty  
f o r  Class 1 and Class 2 SEM Coup l ing   Coef f i c i en t s , "   1978   Fa l l   Rad io  
Sc ience   Meet ing ,   Univers i ty   o f   Colorado ,   Boulder ,  C O ,  October  1978. 

11. R. F. Har r ing ton ,   F i e ld   Computa t ion   by  Moment Methods,  MacMillan, New 
York,  1968. 

255 



12 .  

13. 

14.  

15. 

16. 

17. 

18. 

19. 

20. 

F. M. Tesche,  "On t h e   S i n g u l a r i t y   E x p a n s i o n  Method as Applied t o   E l e c t r o -  
magne t i c   Sca t t e r ing   f rom  Th in  Wires," EMP I n t e r a c t i o n   N o t e  102, A i r  
Force  Weapons L a b o r a t o r y ,   K i r t l a n d  AFB, NM, Apr i l   1972 .  S e e  a l s o  
IEEE Trans.  Ant. & Prop. ,  v. AP-21, 1973. 

F. M. Tesche ,   "Appl ica t ions   o f   the   S ingular i ty   Expans ion  Method t o   t h e  
Analysis  of  Impedance  Loaded  Linear  Antennas," EMF Sensor & Simula t ion  
Note  177, A i r  Force  Weapons L a b o r a t o r y ,   K i r t l a n d  AFB, NM, May 1973. 

D. R. Wilton  and L. W. P e a r s o n ,   " A n a l y t i c a l   P r o p e r t i e s   o f  Some SEN-Derived 
Q u a n t i t i e s , "  USNC/URSI Nat iona l   Radio   Sc ience   Meet ing ,   Boulder ,  CO, 
Nov. 1979. 

K. R. Umashankar  and D. R. W i l t o n ,   " T r a n s i e n t   C h a r a c t e r i z a t i o n  of C i r c u l a r  
Loop Using   S ingular i ty   Expans ion   Method,"  EMP In te rac t ion   No te   259 ,  
A i r  Force Weapons Labora to ry ,   K i r t l and  AFB, NM, August  1974. 

T. T. Crow, B. D. Graves, and C. D. T a y l o r ,  "The S ingu la r i ty   Expans ion  
Method App l i ed   t o   Pe rpend icu la r   Crossed  Wires," I E E E  Trans.   Ant.  & Prop. ,  
V. AP-23, NO. 4 ,  pp.  540-546, Ju ly ,   1975 .  

B. K. S i n g a r a j u ,  D. V. Giri, and C.  E. Baum, "Fur the r   Deve lopmen t s   i n   t he  
A p p l i c a t i o n   o f   C o n t o u r   I n t e g r a t i o n   t o   t h e   E v a l u a t i o n   o f   Z e r o s   a n d   o f  
Analyt ic   Funct ions  and  Relevant   Computer   Programs, ' '  EMP Mathematics 
Note  42, A i r  Force  Weapons L a b o r a t o r y ,   K i r t l a n d  AF'B, NM, March  1976. 

M. L. Van Blaricum  and R. Mittra, "A N o v e l   T e c h n i q u e   f o r   E x t r a c t i n g   t h e  
SEM Poles   and   Res idues  of a Sys tem  Direc t ly   f rom i t s  T r a n s i e n t  
Response," I E E E  Trans.  Ant. & Prop. ,  v. AP-23, no. 6 ,  pp.  777-781, 
November 1975. 

L. W. Pearson  and D .  R. Roberson, "The E x t r a c t i o n  of t h e   S i n g u l a r i t y  
Expans ion   Descr ip t ion  of a Scatterer f rom  Sampled   Trans ien t   Sur face  
Current  Response," IEEiE T r a n s .  Ant. & P r o p . ,  V. AP-27, no. 2. 

L. W. Pearson  and Y .  M. Lee,  "An Exper imen ta l   Inves t iga t ion   o f   t he   K ing  
Surface   Curren t   Probing   Technique   in  a T r a n s i e n t   A p p l i c a t i o n , "   U n i v e r -  
s i t y  of  Kentucky  Electromagnetics  Research  Report   79-4,   December,   1979. 

256 



Figure 1.- Generic  configuration of a scattering object illuminated by an inci- 
dent field. A localized "incident" field as  shown by the surface patch can 
model the feeding field of an antenna. 

Figure 2.- (a) Complex  difference vector interpretation of the relationship 
between frequency-domain resonance and pole  locations in the complex fre- 
quency plane. (b) Resonant  peaks corresponding to (a). 
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Figure 3.-  The "illuminated  region"  behind  an  incident wave defines  the domain 
of the  synunetric  product  integration  in  the Class 2 c o u p l i n g   c o e f f i c i e n t  
form. 

Figure 4.- Second  quadrant members of e i g e n s e t s  of poles for  a 100:1 cyl inder .  
The poles along a given  arcI   along  with  their   ( third  quadrant)   conjugate 
mates comprise  an  eigenset. 
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Figure 7.- Modes associated with each of the second quadrant poles in the 
fourth eigenset for the 1 O O : l  cylinder. 
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Figure 8.- Input admittance for a 10O:l center-fed dipole antenna as computed 
by the frequency-domain singularity expansion. 
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Figure 10.- (a) Schematic representation of measurement configuration through 
which approximate SEM description may be  derived. The arrows represent 
local surface current probes. (bl Image plane realization of (a). 
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Figure 11.- First four even function first layer natural modes determined for 
the straight wire through measurement from c201. The excitation spectrum 
for the fourth of these was  quite small, leading in the noisy result. 
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TRANSIENT CORONA EFFECTS ON A WIRE OVER THE GROUND 

Kenneth C .  Chen 
A i r  Force  Weapons Laboratory 

K i r t l a n d  AFB,  New Mexico  87117 

ABSTRACT 

I n v e s t i g a t i o n s   p e r t a i n i n g   t o   n u c l e a r  EMP e f f e c t  on VLF/Trai l ing Wire 
an tennas   have   r evea led  new f e a t u r e s  of c o r o n a   e f f e c t s .   P r e v i o u s   e x p e r i m e n t a l  
r e s u l t s  on t r ansmiss ion   l i nes   w i th   co rona   unde r  E < 80 kV/cm r e c o r d e d   i n  
the  nanosecond  t ime-frame are analyzed.  A nonl inear   macroscopic   model   des-  
c r i b i n g   t h e   e x p e r i m e n t a l   r e s u l t s  i s  o b t a i n e d .  

m ax 

INTRODUCTION 

VLFITrai l ing Wire Antennas (TWA) a r e  employed  by c e r t a i n   t y p e s  of mili- 
t a r y   a i r c r a f t   f o r  command, control ,   and  communicat ion  during a n u c l e a r  w a r .  
Examples of t h e s e   a i r c r a f t   a r e   t h e  E-4 (Airborne Command P o s t )  , EC-135, and 
TACAMO ( r e f .  1). A s  a r e s u l t ,   t h e  VLF/TWA o n   t h e s e   a i r c r a f t   a r e   d e s i g n e d   t o  
s u r v i v e   e x p o s u r e   t o  a seve re   nuc lea r   e l ec t romagne t i c   pu l se   (EMP)   env i ronmen t .  
These VLF/TWA a r e   a l s o   e x p o s e d   t o   l i g h t n i n g   s t r i k e s   d u r i n g   n o r m a l   m i s s i o n s .  
T h e r e   a r e   v a r i o u s   t y p e s  of TWA. The E-4 and TACAMO employ a dual-wire   antenna.  
The upper  and  lower wire  a r e  1 . 2  km and 7 . 2  km r e s p e c t i v e l y   i n   l e n g t h ,   a n d   b o t h  
wires have a r a d i u s  of 2 mm. The angle   between  the  upper   and  lower wire i s  
approximately 6 . The EC-135 h a s  a s i n g l e   w i r e   a n t e n n a   w i t h  wire r a d i u s  2 mm 
and w i r e  l e n g t h   8 . 5  km. 

0 

I n   o r d e r   t o   g a i n  a p re l imina ry   unde r s t and ing  of t he   i nduced   vo l t age   and  
c u r r e n t  on t h e  TWA, t h e  A i r  Force  Weapons Laboratory (AFWL) conducted  an a i r -  
borne t e s t  ( r e f .  2 )  o v e r   t h e   V e r t i c a l l y   P o l a r i z e d   D i p o l e  I S i m u l a t o r   F a c i l i t y  
(VPDI) . The  upper wire of t h e  TACAMO TWA was  extended t o  1 ,000 f t  and  exposed 
t o  a peak e l e c t r i c  f i e l d  two   o rde r s  of magnitude less t h a n   t h e   p e a k   f i e l d  of a 
n u c l e a r  EMP. T h e   i n d u c e d   e l e c t r i c   f i e l d   a r o u n d   t h e  wire w a s  f o u n d   t o   b e  ap-  
p rox ima te ly   equa l   t o   t he   b reakdown e l ec t r i c  f i e l d  of t he   su r round ing  a i r .  
Therefore ,   corona  pehnomenon is a n   i m p o r t a n t   f a c t o r   i n   d e t e r m i n i n g   t h e   v o l t a g e  
and   cur ren t   induced   on   the   an tenna .  

T h i s  work d i s c u s s e s  a model t o   a c c o u n t   f o r   c o r o n a   e f f e c t s  on t r a n s m i s s i o n  
l i n e  modes .   Exper imenta l   da ta   ob ta ined  a t  Kaman Science  T e s t  F a c i l i t y   u n d e r  
an AFWL c o n t r a c t   ( r e f s .  3 and 4 )  a r e   u s e d   t o   v e r i f y   t h e   m o d e l .   A l t h o u g h   t h e  
b a s i c   m i c r o s c o p i c   p r o c e s s e s   t a k i n g   p l a c e   d u r i n g  a corona  have  been a s u b j e c t  
of  much s t u d y   ( r e f s .  5 and 6) and are w e l l  u n d e r s t o o d ,   t h e   r e c o r d i n g  of re- 
s p o n s e s   i n  a nanosecond  t ime-frame  reveals  new f e a t u r e s  of c o r o n a   e f f e c t .  
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S i n c e  AFWL/KSC’s corona   work   has   no t   been   p rev ious ly   r epor t ed  i n  t h e  lit- 
e r a t u r e  (ref. 4 ) ,  t h i s  work   inc ludes  a b r i e f   b u t   s e l f - c o n t a i n e d   d i s c u s s i o n   o f  
t h e   e x p e r i m e n t a l   s e t u p   a n d   t h e   b a s i c   f i n d i n g s   o f   t h a t   w o r k .   T h e   p r o b l e m   o f  a 
wire d r i v e n   b y  a h i g h   v o l t a g e   i n p u t  is d i scussed .   Th i s   p rob lem  can   be   s tud ied  
i n   t h r e e   t r a n s i e n t   s t a g e s :  (1) wire wi thou t   co rona ,  ( 2 )  c o r o n a   o n s e t ,  (3 )  
m a c r o s c o p i c   n o n l i n e a r   m o d e s .   F i n a l l y ,   t h e   m a i n   f i n d i n g s   a n d   l i m i t a t i o n s   o f  
t h i s  work are  g i v e n ,   a n d   f u t u r e   r e s e a r c h   s u b j e c t s  are l i s t e d .  

SYMBOLS 

C(Q> , Co, C l i n e   c a p a c i t a n c e  

C t h e   s p e e d  of l i g h t  

e e l e c t r o n i c   c h a r g e ,   1 . 6  X 1 O - l ’  c.oul 

E ( t )  time domain e l ec t r i c  f i e l d  

I, Io l i n e   c u r r e n t  

c 13 d i s c o n t i n u i t y   i n   l i n e   c u r r e n t  

L l i n e   i n d u c t a n c e  

Rn l o g a r i t h m   t o   b a s e  e 

1% l o g a r i t h m   t o   b a s e  10 

n ,  n 

P p r e s s u r e   i n  mm-Hg 

0 
e l e c t r o n i c   d e n s i t y ,  number pe r   cen t ime te r   cubed  

Q ,  Qo l i n e   c h a r g e ,  1 coul/m 

CQI d i s c o n t i n u i t y   i n   l i n e   c h a r g e  

Ql charge   depos i t i on   due   t o   co rona ,   cou l /m 

P p o l a r   c o o r d i n a t e   w i t h   o r i g i n  a t  t h e   c e n t e r  of t h e  wire  

E advanced time, t + - 
‘ r l  r e t a r d e d  time, t - - 
a h ,  t )   h y p e r s u r f a c e  of d i s c o n t i n u i t y  

X 

V 

X 

V 

YO 

YC 

wire r a d i u s  

e q u i v a l e n t   c o r o n a   r a d i u s  
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t 

T 

V 

'B' 'D 

v(Q) Y Vo 9 V 

V 
d 

X 

X 

t i m e  

t; o r  rl 

l i n e   v o l t a g e ,  

s e n s o r   o u t p u t  

d i s c o n t i n u i t y  

V o l t  /m 

i n   V o l t s  

i n   s e n s o r   o u t p u t  

p r o p a g a t i o n   v e l o c i t y  

e l e c t r o n   m o b i l i t y  

n e t   i o n i z a t i o n . f r e q u e n c y  

c o o r d i n a t e   a l o n g   t h e  wire 

AFWL/KSC CORONA EXPERIMENT 

The AFWL p e r c e i v e d   t h e   i m p o r t a n c e   o f   t h e   c o r o n a   e f f e c t  on w i r e s ,  designed 
a corona t e s t  conf igu ra t ion ,   and   funded  Kaman S c i e n c e   C o r p o r a t i o n   t o  se t  up t h e  
tes t  f a c i l i t y   a n d   o b t a i n  test d a t a   p e r t a i n i n g   t o  wire wi th   co rona .  The major  
c o n t r i b u t o r   t o   t h e   d e s i g n   o f   t h e  t e s t  setup  and  measurement   techniques was 
Carl Baum. P h i l  Book w a s  r e s p o n s i b l e   f o r   p h y s i c a l l y   p e r f o r m i n g   t h e   e x p e r i m e n t  
a n d   o b t a i n i n g   t h e  test d a t a .   T h i s   s e c t i o n   i n c l u d e s   d i s c u s s i o n s  of (1) t h e  t es t  
f a c i l i t y ,   a n d  ( 2 )  t y p i c a l   d a t a .  

Test F a c i l i t y  

The schemat i c   d i ag ram  o f   t he   ove ra l l   l ayou t   o f   t he  tes t  f a c i l i t y  is g i v e n  
i n   f i g u r e  1. The  ground  plane w a s  compr ised   of   p la in  weave copper  w i r e  c l o t h  
(No. 16  mesh s i z e )   s p o t - s o l d e r e d  a t  10 t o  15 cm i n t e r v a l s   t o   f o r m   a n   o v e r a l l  
s u r f a c e  area about  9 .6  m wide  by 70 m l ong .   F ive   measu r ing   s t a t ions ,   where  
e l ec t r i c  a n d   m a g n e t i c   f i e l d   s e n s o r s  were l o c a t e d   t o   r e c o r d   t h e   c o r o n a   e f f e c t ,  
are shown i n   t h e   d i a g r a m .   C a b l e   c o n d u i t s   c o n t a i n i n g  a p a i r  of Rg-8/U s i z e  
c a b l e s  were r o u t e d   f r o m   t h e   m e a s u r i n g   s t a t i o n s   t o   t h e   i n s t r u m e n t a t i o n  trailer. 
Each  of  the tes t  conductors  w a s  suspended 1 meter above   the   g round  p lane   wi th  
n y l o n   c o r d   f a s t e n e d   t o   t h e  wood s u p p o r t   s t r u c t u r e s .  T e s t  conductors  were ter- 
m i n a t e d   i n   t h e i r   c h a r a c t e r i s t i c s   i m p e d a n c e s  s o  as t o  m i n i m i z e   t h e   r e f l e c t i o n  
from  the  end  of   the  l ine.   High-power,   low-inductance metal f i l m   r e s i s t a n c e  
manufactured  by  Carborundum Company w a s  used.   Table  1 shows phys ica l   and   geo-  
metrical p r o p e r t i e s  of t h e  t e s t  conductors   and   the   measured   te rmina t ion  resis- 
t a n c e   u s e d   d u r i n g   t h e  t es t .  A c h a r g e d   l i n e   h i g h   v o l t a g e   p u l s e r  w a s  u s e d   t o  
d r i v e   t h e  test c o n d u c t o r   w i t h   r e s p e c t   t o   t h e   g r o u n d .  The charge  w a s  s t o r e d   i n  
a 190 f t   c o a x i a l   c a b l e  (RG-22O/U), and a pneumat ic   swi tch  w a s  u s e d   t o   t r i g g e r  
t h e   s p a r k   g a p .  The p u l s e r   u s e d   c o u l d   d e l i v e r   u p   t o  a 90 kV 20 n s  rise-time 
p u l s e   t o  a 500 ohm l o a d .   T h e   s i g n a l   r e c o r d i n g   i n s t r u m e n t a t i o n   c o n s i s t e d   o f  a 
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T e x t r o n i x   t y p e  R454 o s c i l l o s c o p e   e q u i p p e d   w i t h   t y p e  C-40 cameras. P u l s e  meas- 
urements were made w i t h  test c a b l e s   t o   c h a r a c t e r i z e   t h e   r e c o r d i n g   i n s t r u m e n t a -  
t i o n .  The recorded  camera trace w a s  formed t o   h a v e  a rise time of less t h a n  
5 n s .  Model MGL-S5A(A) 8 and  model HSD-S3A(R) fi s e n s o r  of Barn (ref. 7)  were 
u s e d   t o   m e a s u r e   t h e   f i e l d  a t  the   g round  p lane .   They  were loca ted   symmet r i ca l ly  
on b o t h   s i d e s   o f   t h e   c o n d u c t o r . c e n t e r 1 i n e   a n d   s e p a r a t e d   b y  0.86 m .  

Test Data  

Time-domain r e s p o n s e s   o f   t h e   e l e c t r i c   a n d   m a g n e t i c   f i e l d   s e n s o r s  were 
r e c o r d e d   f o r   d i f f e r e n t   v o l t a g e   l e v e l s ,   p o l a r i t i e s ,   a n d  tes t  conduc to r   ma te r i a l s .  
The  scope of t h e  t es t  d a t a  is l i s t e d   i n   t a b l e  2.   Examination  of  the time- 
r e s p o n s e   s e n s o r   d a t a   f o r   v a r i o u s  test c o n d i t i o n s  showed t h a t  a l l  of t h e  tests 
p r o d u c e d   r e s u l t s   w i t h   e s s e n t i a l l y   s i m i l a r   c h a r a c t e r i s t i c s .   T h e r e f o r e ,   b a r e  
copper wire a t  on ly   one   nomina l   i npu t   vo l t age  leve l  80 kV w i l l  b e   d i s c u s s e d .  
F i g u r e s  2 and 3 show  t ime-domain  sensor   outputs  a t  a l l  f i v e   s t a t i o n s   f o r  a 
nominal   input  tes t  v o l t a g e  of 80 kV. T o  c o n v e r t   f r o m   s e n s o r   o u t p u t s   t o   l i n e  
c h a r g e   a n d   l i n e   c u r r e n t ,   o n e   u s e s   t h e   f o l l o w i n g   f o r m u l a s :  

-1 
1 + ( ~ / h ) ~ ]  2.5 x 10 3 VB 

No t i ce   t ha t   t he   t ime-domain   r e sponses  show b a s i c a l l y   t h r e e   d i s t i n c t  time 
reg ions .   Region  1 is  t h e   e a r l y - t i m e   p a r t ,   w h i c h   h a s   i d e n t i c a l   w a v e f o r m s  a t  
a l l  s t a t i o n s .   I n   t h i s  time r e g i o n ,   c o r o n a   h a s   n o t   y e t   o c c u r r e d .   R e g i o n  2 i s  
cha rac t e r i zed   by  a d i p   ( e x c e p t  a t  S t a t i o n  1) i n   t h e   s i g n a l   s t r e n g t h ,   w h i c h   i n -  
d i ca t e s   t he   onse t   o f   co rona .   Reg ion  3 starts when t h e   s i g n a l   s t r e n g t h   r e a c h e s  
a minimum v a l u e .  

CORONA MODEL 

Mode l s   wh ich   can   desc r ibe   t he   t h ree  time reg ions   o f   the   t ime-domain  
r e sponses   no ted   p rev ious ly  are  d e r i v e d   i n   t h i s   s e c t i o n .   S i m p l e   m o d e l s   w h i c h  
i n t e r p r e t   t h e   b a s i c   f e a t u r e s  of   each   reg ion   have   been   cons t ruc ted .   Region  1 
d o e s   n o t   r e q u i r e   f u r t h e r   m o d e l i n g ,   s i n c e  a l o s s l e s s   t r a n s m i s s i o n   l i n e  w i l l  
s u f f i c e   t o   e x p l a i n   t h e  phenomenon.  Region 2 r equ i r e s   mic roscop ic   cons ide ra -  
t i o n s .  The basic   mechanism i s  T o m s e n d ’ s   e l e c t r o n   a v a l a n c h e ,   w h i c h  i s  fol lowed 
b y   t h e   s a t u r a t i o n   b r o u g h t   a b o u t   b y   t h e   r e d u c t i o n  of t h e   e l e c t r i c   f i e l d   d u e   t o  
t h e   p r e s e n c e   o f   t h e   p o s i t i v e   i o n s   a r o u n d   t h e  wire. F i n a l l y ,   i n   R e g i o n  3 t h e  
r e m a i n i n g   p o s i t i v e   i o n s   a n d   e l e c t r o n s   a r o u n d   t h e  wire m o d i f y   t h e   l i n e   c a p a c i -  
t a n c e   i n  a n o n l i n e a r  way s u c h   t h a t  a n o n l i n e a r   t r a n s m i s s i o n   l i n e  i s  formed. 
A l t e r n a t i v e l y ,  a t i m e - d e p e n d e n t   l i n e   c a p a c i t a n c e ,   d e t e r m i n e d   f r o m   t h e   e l e c t r o n  
a v a l a n c h e ,   c a n   b e   a d o p t e d .   I n   t h i s   w o r k ,   n o n l i n e a r   t r a n s m i s s i o n   l i n e   t h e o r y  
and t h e   c o r o n a   o n s e t  w i l l  b e   d i s c u s s e d .  



NONLINEAR  TRANSMISSION LINE THEORY 

A Formal   So lu t ion  

L e t  u s   c o n s i d e r  a t r a n s i e n t   v o l t a g e   p u l s e   t o   b e   a p p l i e d  a t  one  end  of   the 
w i r e .  A s  t h e  e lectr ic  f i e l d   n e a r   t h e  w i r e  s u r f a c e   e x c e e d s   t h a t   r e q u i r e d   f o r  
e l e c t r o n   a v a l a n c h e ,   p o s i t i v e   i o n s   a n d   e l e c t r o n s  start t o   a c c u m u l a t e   a r o u n d   t h e  
w i r e .  The  corona  setup  mechanism i n   t h e  tes t  c o n f i g u r a t i o n  as d i s c u s s e d b e f o r e  
i s  a microscopic   p rocess ,   which  w i l l  b e   d i s c u s s e d   i n   t h e   n e x t   s u b s e c t i o n .   F o r  
t h e   a n a l y s i s   i n   t h i s   s u b s e c t i o n  w e  s h a l l   a s s u m e   t h a t   t h e   c o r o n a   o n s e t   h a p p e n s  
v e r y   q u i c k l y ,   a n d   t h a t   t h e   g e n e r a l   i n p u t   w a v e f o r m  varies much more  slowly i n  
time. There may b e  cases where   these   assumpt ions   do   no t   ho ld .   In   those  cir- 
cumstances a mic roscop ic   ca l cu la t ion   canno t   be   avo ided .  

Assume t h a t  a cloud of p o s i t i v e   i o n s   o r   e l e c t r o n s   h a s   b e e n  set  up  around 
t h e  w i r e .  We t h e n  w r i t e  t h e   t r a n s m i s s i o n   l i n e   e q u a t i o n s  as 

aQ "- a 1   a 1  av 
a t  a x ,  L - = - -  a t  ax 
" 

The n o n l i n e a r i t y   e n t e r s   t h r o u g h   t h e   a s s u m p t i o n   t h a t   t h e   l i n e   c a p a c i t a n c e  i s  a 
n o n l i n e a r   f u n c t i o n  of t h e   l i n e   c h a r g e  of the  form  C(Q) = Q / V .  The  presence  of  
p o s i t i v e   i o n s   a n d   e l e c t r o n s   l e a d s   t o   t h e   n o n l i n e a r   c a p a c i t a n c e .  The  purpose 
of t h i s   s u b s e c t i o n  i s  t o  show t h a t   t h i s   p a i r  of e q u a t i o n s   h a s  a s imple  non- 
l i n e a r   s o l u t i o n   f o r m ,   w h i c h   e n a b l e s   u s   t o   u n d e r s t a n d   a n d   e x p l a i n   t h e  tes t  d a t a .  

The s o l u t i o n   t o   e q u a t i o n  ( 3 )  i s  

w i t h  

Non l inea r   L ine   Capac i t ance  

A s  an  example  of how t h e   l i n e   c a p a c i t a n c e   c a n   b e  a f u n c t i o n  of l i n e  
charge ,  l e t  u s   a s s u m e   t h a t   t h e   c o r o n a   o n s e t   o c c u r s   i n s t a n t a n e o u s l y ,   a n d   t h e  
e l e c t r o n s   a n d   p o s i t i v e   i o n s  are g e n e r a t e d   i n s t a n t a n e o u s l y .   F u r t h e r m o r e ,  w e  
assume a n   i n s t a n t a n e o u s   t r a n s p o r t   o f   c h a r g e s .  A s  a r e s u l t ,   t h e   r e g i o n   a r o u n d  
t h e  w i r e  w i l l  have  an e l ec t r i c  f i e l d   g r e a t e r   t h a n  some breakdown 
f i e l d  Ebd.   This   reg ion  i s  bounded   by   t he   su r f ace  p = yc. Here 

= -  v 
yc %d 

- 

e lec t r i c  

(6)  

The   Gauss   t heo rem  r equ i r e s   t ha t   t he  e l ec t r i c  f i e l d  is  z e r o   w i t h i n  p < y and 
a l l  l i n e   c h a r g e s  are s i t u a t e d   o n   t h e   s u r f a c e  p = yc.  A s i m p l e   e l e c t r o s t a t i c  

C '  
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c o n s i d e r a t i o n   g i v e s  

T h e   l a r g e r   t h e  y,, t h e   g r e a t e r   t h e   d e v i a t i o n   o f  Q away f r o m   t h e   v a l u e  
assumed  by  the wire wi thout   corona .  A s  a r e s u l t ,  y, = yc(Q) . 

A Linear   Approximat ion   to   v (Q)  

L e t  us  assume a l i n e a r   a p p r o x i m a t i o n   t o   t h e   v e l o c i t y   v ( Q ) ,   o n e   o b t a i n s  
f rom  equa t ion  (5) 

w i t h  

Q Qo -2 
c c Q L v  

0 

v 2 + v v + v  2 
;2 = 0 0 

3 

The d e r i v e d   f o r m u l a  w i l l  now b e   a p p l i e d   t o   a n   e x a m p l e   u s i n g   t h e  t e s t  d a t a  
r e s u l t s .  T h e   v a l u e   o f   l i n e   c h a r g e   f o r   b a r e   c o p p e r  w i r e  a t  a nominal   d r iv ing  
v o l t a g e  of 80 kV i s  shown i n   f i g u r e  2 from fi s e n s o r   o u t p u t  a t  a l l  f i v e   s t a t i o n s .  
A s i m p l e   f o r m u l a   f o r   v ( Q )   a p p l i c a b l e   t o   t h e   d a t a  is 

where 

AX = t h e   d i s t a n c e   b e t w e e n  two s t a t i o n s  

AT = t h e   d i f f e r e n c e   i n   a r r i v a l  time of t h e  same s i g n a l   s t r e n g t h  
as measu red   f rom  the   wave f ron t ,   o r   t he   r e t a rded  time 

c = t h e   s p e e d  of l i g h t  

Formulas  (1)  and (10) are u s e d   t o   o b t a i n   f i g u r e  4 .  From e q u a t i o n s  (7 )  
and (9)  i t  can   be  shown t h a t  

yo = i n i t i a l   c o r o n a   r a d i u s  N 1.15 mm (11) 

y, = e q u i v a l e n t   c o r o n a   r a d i u s  4.36 mm (12) 
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Here w e  h a v e   c a l c u l a t e d   t h e   c o r o n a   r a d i u s   c o r r e s p o n d i n g   t o  Q = 1 1 2 X 1 0  coul/m. 
A s  shown i n   f i g u r e  2 t h i s   v a l u e  of Q c o r r e s p o n d s   t o . t h e  time of  about 200 n s  
f rom  onse t  of t h e   c o r o n a .  We can perform a s i m p l e   m i c r o s c o p i c   c a l c u l a t i o n  on 
the   approx ima te  maximum d i s t a n c e   t h a t   e l e c t r o n s   c a n  travel d u r i n g   t h i s  time 
i n t e r v a l  as f o l l o w s  

-8 

200 ns 
d m a x  - J v d t  0 .1  mm/ns x 200 n s  = 20 mm d 

0 

I f   o n e   a t t e m p t s   t o   c a l c u l a t e   t h e   e q u i v a l e n t   c o r o n a   r a d i u s   b a s e d  on a 
l i n e a r   t r a n s m i s s i o n   l i n e   t h e o r y   ( r e f .  4 ) ,  t h e   n u m e r i c a l   v a l u e   f o r   t h i s   r a d i u s  
t u r n s   o u t   t o   b e  a f a c t o r  of 10 g r e a t e r   t h a n   t h a t   g i v e n   b y   e q u a t i o n  ( 1 2 ) .  T h i s  
shows the   advantage   o f  a n o n l i n e a r   m o d e l   i n   g i v i n g  a m o r e   r e a s o n a b l e   r e s u l t ,  
which is  c o n s i s t e n t   w i t h  a m i c r o s c o p i c   c a l c u l a t i o n .  

P r o p a g a t i o n  of D i s c o n t i n u i t i e s  

A s  d i s c u s s e d  ea r l i e r ,  one   can   cons ide r   t he   co rona   s e tup  as a process   which  
occur s   ve ry   r ap id ly .   The   e f f ec t   on   t he   r e sponse   wave fo rm  can   be   l ooked   upon  as 
a d i s c o n t i n u i t y .  It i s  w e l l  known t h a t  a n o n l i n e a r  wave wi th   ampl i tude-  
dependent wave v e l o c i t y   c a n  create  t h i s   t y p e  of d i s c o n t i n u i t y .   L e t   t h e   s u r f a c e  
of d i s c o n t i n u i t y   i n   t h e   h y p e r s p a c e   b e   a ( x , t )  = c o n s t a n t .   T h e   v e l o c i t y  of t h e  

d i s c o n t i n u i t y  v = - i s  given  by dx 
d t  

- 30 30 dx 
ax d t  

a t  + - - =  0 

L e t  Q = Q(O), I = I (a ) .  T h e n   w i t h   t h e   f i r s t   e q u a t i o n  of ( 3 )  w e  o b t a i n  

dQ dx d I  
d a   d t   d a  
"" = 0 

I n t e g r a t i n g   a c r o s s   t h e   s u r f a c e  of d i s c o n t i n u i t y   y i e l d s  

Apply ing   the  same t e c h n i q u e   t o   t h e   s e c o n d   e q u a t i o n  of ( 3 )  o n e   o b t a i n s  

v L [I] - [Q] = 0 1 
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Theref   o re ,  

An examinat ion  
shows t h a t  [VB] - 6 

1 c = -  
V L  

2 

of f i g u r e s  2 and 3 f o r  time domain  responses a t  S t a t i o n  2 
mV and [VD] - 9 mV c o r r e s p o n d   t o   t h e   r e d u c t i o n  of s i g n a l s  

a s s o c i a t e d   w i t h   c o r o n a   o n s e t .   T h e s e   v a l u e s   c a n   b e   u s e d   i n   e q u a t i o n s  (1) , ( 2 )  , 
and  (18) t o   c a l c u l a t e   t h e   v e l o c i t y   a s s o c i a t e d   w i t h   t h e s e   d i s c o n t i n u i t i e s  as 
f o l l o w s  

N o t e   t h a t   t h e   c a l c u l a t e d   v a l u e   o f   t h e   v e l o c i t y  i s  v e r y   s e n s i t i v e   t o   t h e  meas- 
u r e m e n t   e r r o r s .   T h e   c a l c u l a t i o n  shown h e r e  i s  o n l y   t o   i l l u s t r a t e   t h e  non- 
l i n e a r   t h e o r y .  

THE CORONA ONSET 

It i s  d i f f i c u l t   i f   n o t   i m p o s s i b l e   t o   u s e  a m a c r o s c o p i c   t h e o r y   t o   c a l c u -  
l a t e  accura t e   t ime-domain   wave fo rms   r i gh t   a f t e r   co rona   onse t .  To a c h i e v e   t h i s  
r e q u i r e s   a c c u r a t e   t i m e - d e p e n d e n t   e l e c t r o n   a n d   p o s i t i v e   i o n   d i s t r i b u t i o n s  
a round   t he  w i r e .  S i n c e  a d e t a i l e d   m i c r o s c o p i c   c a l c u l a t i o n  is n o t   t h e   o b j e c t i v e  
of t h i s  work ,   d i scuss ions  w i l l  b e   l i m i t e d   t o   t h e   d e t e r m i n a t i o n  of t he   co rona  
o n s e t  time. 

I n   o r d e r   t o   u n d e r s t a n d   t h e  time domain  waveform as shown i n   f i g u r e  2 ,  i t  
i s  i m p o r t a n t   t o   e x a m i n e   t h e   m i c r o s c o p i c   p r o c e s s e s   l e a d i n g   t o   t h e   c o r o n a   o n s e t .  
The a m b i e n t   e l e c t r o n s ,  ever present   because   o f   cosmic   rays ,   e tc . ,   which  are 
a c c e l e r a t e d   b y   t h e  e l e c t r i c  f i e l d ,  s tar t  t h e   a v a l a n c h e   p r o c e s s e s .  A s  an  
example, w e  c a l c u l a t e   t h e   c o r o n a   o n s e t   f o r   S t a t i o n  2 f r o m   d a t a   o b t a i n e d   i n  
S t a t i o n  1. The e l e c t r i c   f i e l d   m e a s u r e d  a t  S t a t i o n  1 c a n   b e   u s e d   t o   c a l c u l a t e  
t h e   e l e c t r i c   f i e l d   n e a r   t h e  w i r e  t o   g i v e  

E q u i - e l e c t r i c   f i e l d   l i n e s   f o r  E = 50 kV/cm and  60 kV/cm are shown i n   f i g u r e  5 
t o  i n d i c a t e   w h a t   f i e l d   l e v e l   t h e  wire  is exposed  to .  From t h e   e l e c t r o n   m o b i l -  
i t y   f o r m u l a  

v = (3 .92 + 0.263 E / p )  X mm/ns (21) e 

2 72 



where   t he  e l ec t r i c  f i e l d  i s  i n   V o l t / c m .  The e l e c t r o n   t r a j e c t o r y  is  d e s c r i b e d  
by 

- * =  YOt , O < t < 1 6  
d t  0.0392 + 0.0173 - 

P (22) 

where y is  t h e  w i r e  r a d i u s   i n  mm, p is t h e   l o c a t i o n  of t h e   e l e c t r o n   i n   p o l a r  
c o o r d i n a t e   i n  nun, and t is  i n  nanoseconds.  

0 

E l e c t r o n   t r a j e c t o r i e s   p r o v i d e  a v i v i d   p i c t u r e   o f  how e l e c t r o n s  are drawn 
t o  a p o s i t i v e  wire .  I n   f i g u r e  5 t h e s e   t r a j e c t o r i e s  up t o   1 6   n s   f r o m   t h e  wave- 
f r o n t  are shown. It i s  more   impor t an t   t o   de t e rmine  how t h e   e l e c t r o n   d e n s i t y  
i n c r e a s e s   a l o n g   t h e   t r a j e c t o r y .   N o t e   t h a t   t h e  Townsend ava lanche   formula  (8) 
can  be  approximated  by 

I n   e v a l u a t i n g   t h e   a b o v e   i n t e g r a l ,   o n e   c a n   c o n v e n i e n t l y   u s e  a l inear   approxima-  
t i o n   f o r   t h e   t r a j e c t o r y .  L e t  u s  pay s p e c i a l   a t t e n t i o n   t o   e l e c t r o n s   t h a t   a r r i v e  
a t   t h e  w i r e  s u r f a c e  a t  f = 1 4   n s .   T h e   d i f f e r e n t i a l   e q u a t i o n   f o r   t h e   t r a j e c t o r y  
c a n   b e   u s e d   t o   g i v e  

Y,t t 
P 

- t: (1 - - - 0 . 2 4   t )  f 14  (24) 

Subs t i t u t ing   equa t ions   (20 )   and   (24 )   i n to   equa t ion   (23 )   g ives  

L e t  u s   c a l c u l a t e   t h e   c h a r g e   d e p o s i t i o n   p e r  meter based   upon   t he   e l ec t ron  
d e n s i t y   o b t a i n e d .   T h e   c h a r g e   d e p o s i t i o n   p e r  meter due   t o   co rona  is  d e s i g n a t e d  
by Q, (Q)  , which i s  

J 
Y O  

V d 
= e n 2 v  - o v  

zz 1 . 2  X 10-11 coul/m (26) 

h e r e  w e  have  used e = 1 . 6  x 1 0  -I9 c o u l ,  Yo = 1.15 mm, n = 10 No/cm3 = 10 

N ~ / ~ ~ ,  v/vd = 10 m . 
9 1 6  

5 -1 
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One can  show  from a p e r t u r b a t i o n   c a l c u l a t i o n   t h a t   t h e   c h a n g e   i n   c u r r e n t  wave- 
form is g iven   by  

w i t h  rl = t h e   r e t a r d e d  time. A s  an estimate, l e t  u s  assume 

aQ, (n) 
- Q (n) = 0.12 A V 

arl 2 1  

Here one-half of t he   ava lanche   f r equency   has   been   u sed .   The re fo re ,   equa t ion  
(27)   g ives  

T h i s   s h o u l d   c o i n c i d e   w i t h   t h e  s tar t  of a d i p   i n   t h e   w a v e f o r m ,   w h i c h  i s  t h e  
co rona   onse t .  

CONCLUDING REMARKS 

A macroscopic   nonl inear   model  i s  p r o p o s e d   f o r  a t r a n s m i s s i o n   l i n e   w i t h  
corona.  The   mode l   no t   on ly   accoun t s   fo r   ove ra l l   wave fo rm,   bu t   a l so   desc r ibes  
t h e   s h a r p   c h a n g e s   i n   t h e  waveform a s s o c i a t e d   w i t h   t h e   c o r o n a   o n s e t .   S i n c e   t h e  
d e t a i l e d   s t r u c t u r e   o f   t h e  waveform r i g h t   a f t e r   t h e   c o r o n a   o n s e t   d e p e n d s   o n   t h e  
e l e c t r i c   f i e l d   i n  a complicated  manner,  a u n i v e r s a l   s o l u t i o n  is h a r d   t o   o b t a i n ,  
and i s  n o t   a t t e m p t e d .  The e x p e r i m e n t a l   d a t a   a n d   t h e   r e s u l t i n g   m o d e l  are l i m -  
i t e d  by t h e  low v o l t a g e   l e v e l  a t  which  the  experiment  w a s  performed. A t  a 
h i g h e r   v o l t a g e  level ,  which   has   no t   ye t   been   de te rmined ,   the   s t reamers   can  
emanate   f rom  the  wi re ;  t h e   e f f e c t  on t h e   l i n e   v o l t a g e   ( o r   l i n e   c h a n g e ) ,   a n d  
l i n e   c u r r e n t   c a n  b e  c o n s i d e r a b l y   d i f f e r e n t   f r o m   t h e  case c o n s i d e r e d   h e r e .  
F u r t h e r m o r e ,   t h e   h i g h e r   t h e   e l e c t r i c   f i e l d   i n t e n s i t y ,   t h e   f a s t e r  are t h e  elec- 
t r o n   a v a l a n c h e   p r o c e s s ;   t h e   s h a r p   c h a n g e s   i n   t h e   w a v e f o r m   a s s o c i a t e d   w i t h   t h e  
corona   onse t  w i l l  b e   s h a r p e r   a n d  w i l l  appear  as d i s c o n t i n u i t i e s .  A cont inua-  
t i o n  of b o t h   e x p e r i m e n t a l   a n d   t h e o r e t i c a l   w o r k  i s  requ i r ed .   Expe r imen ta l   i n -  
v e s t i g a t i o n s   i n   t h e   f o l l o w i n g   t h r e e   a r e a s  w i l l  b e   t h e   m o s t   u s e f u l   t o   t h e   o v e r -  
a l l  understanding  of  wires wi th   corona:  (1) f u r t h e r   e x p e r i m e n t a t i o n s   a t   h i g h e r  
v o l t a g e s   t o   d e t e r m i n e   t h e   e f f e c t  of streamers, ( 2 )   d e t e r m i n a t i o n   o f   t h e   o p t i c a l  
spectrum  of  corona  and streamers, ( 3 )  i n v e s t i g a t i o n s   o f   a c o u s t i c   e f f e c t ,   w h i c h  
may be   t he   byproduc t s   o f   t he   ava lanche   e l ec t rons .   Theore t i ca l   work   i n   de t e r -  
mining how t o   a p p l y   t h e   p r e s e n t   r e s u l t s   a n d   t h e   r e s u l t s   f r o m   t h e   s u g g e s t e d  
i n v e s t i g a t i o n s   t o   t h e   t r a i l i n g  wire  an tenna  (TWA) problem i s  mos t   cha l l eng ing .  
T h e s e   r e s u l t s   a n d   o t h e r   r e l a t e d  work ( r e f s .  9 a n d   l o ) ,   c a n   t h e n   l e a d   t o  a suc-  
c e s s f u l   s i m u l a t i o n  of TWA under   the  most  severe EMP o r   l i g h t n i n g   e n v i r o n m e n t s .  

A s  of now, b a s i c   f e a t u r e s  of current   and  charge  waveform  on wires w i t h  
c o r o n a   a t  E < 80 kV/cm can   be   desc r ibed   by  a model   us ing   s imple   equiva len t  
c o r o n a   r a d i u s .   T h i s   c o r o n a   r a d i u s   c a n   b e   e s t i m a t e d   t o   b e   a b o u t   1 5 %   o f   t h e  

m ax 
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maximum d i s t ance   e l ec t rons   can  travel. A l t e rna t ive ly ,   i f   a ccu ra t e   expe r imen ta l  
d a t a  are avai lable ,   one  can  deduce  the  equivalent   corona  radius   f rom  the  data  
wi th   s imp le   p rocedures   desc r ibed   i n   t h i s  work.  However,  more s t u d i e s  are 
requi red   before   one   can   conclude   tha t  a quant i ta t ive   unders tanding   has   been  
ach ieved   fo r  wires with  corona. 
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I 

TABLE 1.-THEORETICAL AND NOMINAL  TRANSMISSION LINE TERMINATIONS 

Test conductor 

Copper tube 

Cu antenna wire 

A 1  antenna  wire 

Bare A 1  wire 

BeCu wire 

Terminal  resistance 
711 . . __ . ". 
Diameter (mm) Measured (ohms) 

9.525  393 

4 . 0 6 4  393 

4 .064  393 

4 .115  393 

2.305  447  
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DISTANCE FROM THE  CENTER OF THE WIRE I m m )  

Figure 5.- Electron trajectories around the wire. 
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SIMULATION OF ELECTROMAGNETIC  ASPECTS  OF LIGHTNING 

Carl E. Baum 
A i r  Force  Weapons Labora tory  

ABSTRACT 

I n   t e s t i n g  c o m p l e x   e l e c t r o n i c   s y s t e m s   f o r   t h e i r   v u l n e r a b i l i t y   t o   l i g h t n i n g  
i n t e r f e r e n c e   a n d   e l e c t r i c a l d a m a g e ,  i t  i s  n e c e s s a r y   t h a t   t h e  test i n c l u d e  a simu- 
l a t i o n .   F o r  a s i m u l a t i o n   o n e   r e q u i r e s   t h a t   t h e   e x p e r i m e n t a l   c o n d i t i o n s   b e  
s u f f i c i e n t l y   c l o s e   t o   t h e   t r u e   p h y s i c a l   e n v i r o n m e n t   t h a t   v a l i d   c o n c l u s i o n s   c a n  
be   d rawn  concern ing   the   response   in   such  a c r i t e r i o n   e n v i r o n m e n t .   P r e s e n t  
commonly used t e s t  p r o c e d u r e s ,   p a r t i c u l a r l y   f o r   t h e   d i r e c t - s t r i k e   c a s e ,  are  i n  
g e n e r a l   n o t   s i m u l a t i o n s .   F o r   t h e   c a s e   o f   d i s t a n t   l i g h t n i n g ,  commonly used EMP 
s i m u l a t i o n   t e c h n i q u e s  a re  a p p l i c a b l e   w i t h  some m o d i f i c a t i o n   i n   t h e   s o u r c e s  
( p u l s e r s )  . 

E l e c t r o m a g n e t i c   p r o c e s s e s   p e c u l i a r   t o   t h e   d i r e c t - s t r i k e   c a s e  are reviewed 
w i t h   r e s p e c t   t o   t h e i r   i m p l i c a t i o n s   f o r   l i g h t n i n g   e l e c t r o m a g n e t i c   s i m u l a t i o n .  
A t  l o w   f r e q u e n c i e s   ( q u a s i s t a t i c )   t h e r e  are  impor tan t   sur face-charge-dens i ty   and  
c o r o n a   e f f e c t s   i n   a d d i t i o n   t o   t h e   s u r f a c e - c u r r e n t - d e n s i t y   e f f e c t s .  A t  r e s o n a n t  
f r e q u e n c i e s   t h e   f r e q u e n c y - s p e c t r a l   c o n t e n t  of t h e   e x c i t a t i o n  and p r o p e r t i e s   o f  
t h e  arc  (a t tachment ,   de tachment ,  t i m e  h i s t o r y ,   s p a t i a l   d i s t r i b u t i o n ,   r e s i s t a n c e ,  
e t c . )  a re  s i g n i f i c a n t .  Of g r e a t   c o m p l e x i t y   i n   a l l   t h i s  are  t h e   n o n l i n e a r  
a s p e c t s  of t h e  a rc  and   co rona   a round   t he   sys t em  o f   i n t e re s t .  The complexity  of 
t h e s e   v a r i o u s   p r o c e s s e s   r e q u i r e s   r i g o r   i n   t h e   s i m u l a t o r   d e s i g n .   P o t e n t i a l   s i m u -  
l a t i o n   c o n c e p t s  a re  p r e s e n t e d   a n d   t h e i r   r e l a t i v e  merits a r e   d i s c u s s e d .  

I .  INTRODUCTION 

I n   a n   e n g i n e e r i n g   d i s c i p l i n e   c o n c e r n e d   w i t h   t h e   r e l i a b l e   p e r f o r m a n c e   o f  
some complex   e l ec t ron ic   sys t em  in   an   i n t ense   e l ec t romagne t i c   env i ronmen t ,   t he re  
comes t h e   q u e s t i o n  of t he   demons t r a t ion   o f   t he   pe r fo rmance   i n   such   an   env i ron -  
ment.  Such a system is  i n   g e n e r a l  so complex  that   one  cannot   have a complete  
unders tanding  of i t s  r e s p o n s e   t o   s u c h   a n   e n v i r o n m e n t   f r o m   f i r s t - p r i n c i p l e   c a l -  
c u l a t i o n s .  While one may b e   a b l e   t o   c a l c u l a t e   w h e t h e r   o r   n o t   t h e   s i g n a l s  a t  
some e l e c t r o n i c   e l e m e n t s  are s u f f i c i e n t   t o   c a u s e   f a i l u r e ,  some i s  not  good 
enough  (even  though  the  information  can s t i l l  be   u se fu l ) .   G iven  some d e f i n i -  
t i on   o f   t he   mi s s ion   o f   t he   sys t em  ( in   t he   e l ec t romagne t i c   env i ronmen t )   one   mus t  
b e   a b l e   t o   d e t e r m i n e   w h e t h e r   o r   n o t   t h e   m i s s i o n  w i l l  be  accomplished i n   t h e  
presence  of t h e   e n v i r o n m e n t .   T h i s   r e q u i r e s   t h a t   t h e r e   b e   n o   f a i l u r e s   ( i n   t h e  
miss ion   accompl ishment   sense)   in   any   of  a c e r t a i n   s u b s e t  of t h e   e l e c t r o n i c  ele- 
ments ;   such   e lec t ronic   e lements   (b lack   boxes ,   subsys tems,   e tc . )   a re   usua l ly  
r e f e r r e d   t o   a s   m i s s i o n   c r i t i c a l .  More i m p o r t a n t l y  i t  is r e q u i r e d   t h a t   o n e  know 
t h a t   t h e r e   b e   n o   s u c h   f a i l u r e s   w i t h   h i g h   c o n f i d e n c e .   T h e r e   a r e   p o s s i b l e  
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exceptions  to this stringent a requirement if sufficient redundancy is built 
into the system, but this is a more complicated  question. In general the sys- 
tem complexity  and the possibility (or even probability)  that  there are impof- 
tant signal paths which are not  even identified (even  implicitly) in the 
formal statement of  the system design (blueprints, etc.), makes a reliance on 
first-principle analysis usually untenable for system vulnerability  assessment. 

Since system-level testing  (experimentation)  is  required for high confi- 
dence assessment, the question arises as to what is an adequate test. One 
might  think of an arbitrary  electromagnetic stimulus as a  test,  but what assur- 
ance would one have that  the  system response would bear any significant rela- 
tionship (for  assessment)  to its response in the.rea1 environment of interest. 
For the  test  to  be useful it  should  be reasonably closely  related to the real 
environment of interest and  this  relationship  should  be quantitative, Ideally 
this real environment is summarized in the form of a  valid  criterion. Para- 
phrasing  an  earlier definition (ref. 6), 

A lightning electromagnetic criterion is: 

a quantitative statement of the  physical  parameters of  the 
lightning environment  relevant to the  electromagnetic 
response of a system of interest in a volume of space and 
a region of time  and/or  frequency  extended to contain all 
physical  parameters  having  a non-negligible influence on 
any of the  electromagnetic response parameters. 

Normally one will have to state some range or bounds of  the  parameters,  and  the 
time  functions  (waveforms)  and/or  frequency spectra may be specified  in  simpli- 
fied  analytic form, a form which, however, should quantitatively include all 
relevant environmental parameters. 

To test  to such a  criterion in a way which is quantitatively  related to  it 
requires  a special kind of  test  referred  to as a  simulation. For lightning 
(electromagnetic) simulation the definition of nuclear electromagnetic  pulse 
(Em) simulation can be adapted (ref. 7). 

Lightning (electromagnetic) simulation is an experiment  in 
which  the  postulated  lightning exposure situation  is  replaced 
by a physical situation in which: 

1. the  lightning  sources are replaced by a  set of equivalent 
sources which to a good approximation produce the same excita- 
tion  (including  reconstruction  to  the  extent  feasible) to the 
total system under test  or some portion  thereof as would  exist 
in  the  postulated  nuclear environment, and 

2. the system under test is configured so that  it  reacts  to 
sources (has the same Green’s function) in very nearly  the 
same way  and to the same degree as it would  in the postulated 
lightning  environment. 
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A l i g h t n i n g   ( e l e c t r o m a g n e t i c )   s i m u l a t o r  i s  a device   which  
p r o v i d e s   t h e   e x c i t a t i o n   u s e d   f o r   l i g h t n i n g   s i m u l a t i o n .  
w i t h o u t   s i g n i f i c a n t l y   a l t e r i n g   t h e   r e s p o n s e  of t he   sys t em 
under  tes t  b y   t h e   s i m u l a t o r   p r e s e n c e .  

L i g h t n i n g   ( e l e c t r o m a g n e t i c )   s i m u l a t i o n   n a t u r a l l y   d i v i d e s   i n t o   t y p e s  
a c c o r d i n g   t o   t h e   t y p e s  of l i g h t n i n g   e n v i r o n m e n t s   t o   b e   s i m u l a t e d .   I f   t h e   s y s -  
t e m  o f   i n t e r e s t  i s  s u f f i c i e n t l y   d i s t a n t   f r o m   t h e   l i g h t n i n g   s t r o k e   a n d  i t s  
a s s o c i a t e d   i o n i z a t i o n ,   t h e   s i m u l a t i o n   p r o b l e m  i s  somewhat s i m p l i f i e d   d u e   t o  the 
a b i l i t y   t o   s e p a r a t e   t h e   i n c i d e n t   a n d   s c a t t e r e d   f i e l d s  a t  t h e   s y s t e m ;   t h i s  case 
is b r i e f l y   d i s c u s s e d  la te r .  A much more d i f f i c u l t   c a s e  i s  t h a t  of a d i r e c t  
l i g h t n i n g   s t r i k e   t o   t h e   s y s t e m   b e c a u s e   o f   t h e   c o m p l e x   e l e c t r o m a g n e t i c   f i e l d  
s t r u c t u r e ,   t h e   t i m e - v a r y i n g   e l e c t r o m a g n e t i c   p r o p e r t i e s   ( c o n d u c t i v i t y ,   e t c . )   o f  
t h e   l i g h t n i n g   a r c   a n d   c o r o n a   a r o u n d   t h e   s y s t e m ,   a n d   t h e   n o n l i n e a r   p r o p e r t i e s  of 
t h e   l i g h t n i n g   a r c   a n d   c o r o n a .   T h i s  l a t t e r  c a s e  i s  ve ry   impor t an t   because  of 
b o t h   t h e   i n t e n s e   e l e c t r o m a g n e t i c   f i e l d s   p r e s e n t   a n d   t h e   p o o r l y   u n d e r s t o o d   n o n -  
l i n e a r   a n d   t i m e - v a r y i n g   e l e c t r o m a g n e t i c   p a r a m e t e r s   o f   i m p o r t a n c e   i n   t h i s   l i g h t -  
n ing   source   reg ion .   These   source- reg ion  phenomena a r e  of  fundamental   importance 
t o   t h e   l i g h t n i n g   s i m u l a t i o n   p r o b l e m   ( f o r   t h e   d i r e c t   s t r i k e ) ;  some  of t h e  
i m p l i c a t i o n s   o f   t h e s e  phenomena f o r   s i m u l a t o r   d e s i g n  are d i s c u s s e d   i n   t h i s   n o t e .  

There i s  a f u n d a m e n t a l   l i m i t a t i o n   i n  how f a r  w e  can go i n   d e s i g n i n g  a 
l igh tn ing   (e lec t romagnet ic )   s imula tor ;   namely   one   mus t  know what  he i s  t o  simu- 
l a t e .  The d e t a i l e d   p h y s i c a l   p r o c e s s e s   o f   t h e   l i g h t n i n g   a r c   a n d   c o r o n a  are 
p o o r l y   q u a n t i t a t i v e l y   u n d e r s t o o d .  How then   does   one   s imula te  i t ?  One c a n   t r y  
t o   h a v e  ''real" a rc s   and   co rona ,   bu t  how can   one   be   su re   t ha t  all t h e   r e l e v a n t  
p h y s i c a l   p a r a m e t e r s   h a v e   b e e n   p r o p e r l y   c o n t r o l l e d .   I n  a d i r e c t - s t r i k e   s i t u a -  
t i o n   s u c h   q u e s t i o n s   c a n   b e   v e r y   i m p o r t a n t ,   w h i l e   f o r   d i s t a n t   s t r o k e s   t h e   p r o b l e m  
c a n   b e   r e d u c e d   t o   t h e   l o c a l l y   i n c i d e n t   e l e c t r o m a g n e t i c   f i e l d s   a n d   e l e c t r o m a g -  
n e t i c   p r o p e r t i e s  of t h e   l o c a l   m a t e r i a l s .   P a r t i c u l a r l y   i n   t h e   d i r e c t - s t r i k e  
s i t u a t i o n   t h e   r e a d e r   s h o u l d   n o t e   t h a t   t h e   p r e s e n t   c o n s i d e r a t i o n s   c o n c e r n i n g  a 
l i g h t n i n g   s i m u l a t o r  are based on t h e   c u r r e n t  l i m i t e d  unders tanding   of   the  
l i g h t n i n g   a r c   a n d   c o r o n a .  A s  ou r   unde r s t and ing  of t h e   l i g h t n i n g   p h y s i c s  
becomes  more d e t a i l e d ,   m o r e   r i g o r o u s   d e s i g n   c o n s t r a i n t s  may be   p laced  on t h e  
s i m u l a t o r .  

11. SIMULATION OF DISTANT  LIGHTNING 

I f ,   a s   i n d i c a t e d   i n   f i g u r e  2 . 1 ,  t h e   l i g h t n i n g   a r c  is  d i s t a n t   f r o m   t h e   s y s -  
t e m  o f   i n t e r e s t ,   t h e   l i g h t n i n g   i n t e r a c t i o n  i s  g r e a t l y   s i m p l i f i e d .  L e t  S be a 
c l o s e d   s u r f a c e   b o u n d i n g   a n   i n t e r i o r   v o l u m e  V wh ich   con ta ins   t he   sys t em  o f   i n t e r -  
est. F o r   s i m p l i c i t y  l e t  t h e   s y s t e m   b e   i n   " f r e e   s p a c e "   s u c h  as a n   i n - f l i g h t  
missile o r   a i r c r a f t .  

L e t  a l l   t h e   c u r r e n t   a n d   i o n i z a t i o n   a s s o c i a t e d   w i t h   t h e   l i g h t n i n g  arc be 
o u t s i d e  S ( i - e . ,   n o t   i n  V ) .  T h e n   t h e   f i e l d   e q u i v a l e n c e   p r i n c i p l e   c a n   b e   i n v o k e d  
b y   n o t i n g   t h a t   t h e   i n c i d e n t   f i e l d   i n  V ( i n   t h e   a b s e n c e  of t he   sys t em)  i s  d e t e r -  
mined  by  imposing t h e   t a n g e n t i a l   c o m p o n e n t s   o f   t h e   o r i g i n a l  2 and 8 on S v i a  
e q u i v a l e n t  e l ec t r i c  a n d   m a g n e t i c   s u r f a c e   c u r r e n t   d e n s i t i e s   o n  S ( r e f s .  8,111. 
T h e s e   e q u i v a l e n t   c u r r e n t s   a l s o   g i v e   z e r o   f i e l d s   o u t s i d e  S . H a v i n g   r e f e r r e d   t h e  
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i n c i d e n t   f i e l d s   t o   e q u i v a l e n t   s o u r c e s   o n  S ,  n o t e   t h a t   t h e   i n c i d e n t   f i e l d s  are 
somewhat d e c o u p l e d   f r o m   t h e   l i g h t n i n g  arc. We d o   n o t   n e e d   t o   u n d e r s t a n d   t h e  
d e t a i l s   o f   t h e   l i g h t n i n g  arc  i f  we have   su f f i c i en t   knowledge  of t h e   i n c i d e n t  
f i e lds   ( s ay   by   measu remen t  of s u c h   f i e l d s ) .  

I n t r o d u c i n g   t h e   s y s t e m   i n t o  V t h e r e  are now s c a t t e r e d   f i e l d s   w h i c h   p r o p a -  
g a t e  away f rom  the   sys tem  through S .  T h e s e   f i e l d s   c a n  scat ter  f r o m   t h e   l i g h t -  
n ing  a rc  ( i n   g e n e r a l  a n o n l i n e a r   p r o c e s s )   a n d   i n   t u r n  rescatter f r o m   ( i n t e r a c t  
w i th )   t he   sys t em  the reby   chang ing   t he   sys t em  r e sponse .  To a v o i d   t h i s   i n t e r -  
a c t i o n  of t h e   s y s t e m   w i t h   t h e   l i g h t n i n g  a rc  one   can   r equ i r e   t ha t   t he   sys t em  be  
s u f f i c i e n t l y   f a r   f r o m   t h e  arc  t h a t   t h e   i n t e r a c t i o n  v i a  t h e   m u l t i p l y   s c a t t e r e d  
w a v e s   b e   s u f f i c i e n t l y  small as t o   b e   i n s i g n i f i c a n t .   I n   t h i s   l a t t e r   a p p r o x i m a -  
t i on   t he   sys t em  can   be   cons ide red  as r e s p o n d i n g   t o   t h e   l i g h t n i n g   i n c i d e n t  
f i e l d s   i n  a manner   decoupled   f rom  the   a rc   phys ica l   p rocesses .  

I n   t h i s   c a s e   o f   t h e   s y s t e m   d i s t a n t   f r o m   t h e   l i g h t n i n g  arc t h e   s i m u l a t i o n  
problem i s  g r e a t l y   s i m p l i f i e d .  The problem  becomes similar t o   t h a t   f o u n d   i n  
many EMP s i m u l a t i o n   p r o b l e m s   i n   w h i c h   t h e   s y s t e m  is away  f rom  the  source  region.  
R e f e r r i n g   t o   f i g u r e  2 . 1  t h e   e q u i v a l e n t   s o u r c e s  on S can   be   approximate ly   synthe-  
s i z e d   w i t h  sets o f   e l e c t r i c  and   magne t i c   d ipo le s   t o   co r re spond   t o   any   des i r ed  
i n c i d e n t   f i e l d   ( c o n s i s t e n t   w i t h  Maxwell's e q u a t i o n s   w i t h   n o   s o u r c e s   i n  V ) .  T h i s  
is t h e  PARTES s imula t ion   concept   which  i s  q u i t e   g e n e r a l ,   b u t   p e r h a p s   c o m p l e x   t o  
implement   ( re f .  8 ) .  

I f   t h e   s y s t e m  is s u f f i c i e n t l y   d i s t a n t   f r o m   t h e   l i g h t n i n g   a r c   t h a t   t h e  
i n c i d e n t   f i e l d s   c a n   b e   c o n s i d e r e d  as an   approximate   p lane  wave, then   t he   p rob -  
l e m  f u r t h e r   s i m p l i f i e s .  The h i g h - a l t i t u d e  EMP (be low  the   sou rce   r eg ion )  i s  
a lso   approximated  as a f r e e - s p a c e   p l a n e  wave; v a r i o u s  EMP s i m u l a t o r   t y p e s   p r o -  
d u c e   a n   a p p r o x i m a t i o n   o f   t h i s   t y p e   o f   f i e l d   ( r e f .  7 ) .  One of t he   mos t   app l i c -  
a b l e   t y p e s  is t h e   g u i d e d  wave o r  TEM-transmiss ion- l ine   s imula tor   cons t ruc ted  
w i t h   p a r a l l e l   p l a t e s   a n d   c o n i c   s e c t i o n s   f o r   l a u n c h   a n d / o r   t e r m i n a t i o n  of t h e  
wave .   No te ,   however ,   t ha t   wh i l e   t he   spa t i a l   fo rms   (p l ane   waves )  are common 
between  the cases o f   d i s t a n t   l i g h t n i n g   a n d   h i g h - a l t i t u d e  EMP, t he   t empora l fo rms  
(waveforms)   a re   no t   the   same.   Thus   whi le   the   s imula tor   p roper   (e lec t romagnet ic -  
f i e l d - f o r m i n g   s t r u c t u r e   ( w a v e g u i d e ,   a n t e n n a ,   e t c . ) )   c a n  b e  u s e d   f o r   b o t h  
s imula t ion   p rob lems ,   one   needs   d i f f e ren t   wave fo rms   w i th   d i f f e ren t   f r equency  
s p e c t r a l   c o n t e n t s ;   t h i s   c a n   b e   a c h i e v e d   b y   t h e   u s e   o f   d i f f e r e n t   s o u r c e s  
( p u l s e r s ,   e t c . )   t o   d r i v e   t h e   s i m u l a t o r   p r o p e r .   H e n c e  some EMP s imula to r s   can  
a l s o   b e   u s e d   f o r   l i g h t n i n g   s i m u l a t i o n   f o r   t h e   c a s e  of d i s t a n t   l i g h t n i n g   p r o -  
v i d e d   t h e r e  are c h a n g e s   i n   t h e   d r i v i n g   s o u r c e s .  

The d i s c u s s i o n   h e r e   h a s   c e n t e r e d  on t h e  case of a n   i n - f l i g h t   s y s t e m d i s t a n t  
f r o m   l i g h t n i n g   b e c a u s e   o f   t h e   s i m p l i f i c a t i o n s   t h e r e b y   i n t r o d u c e d .  S i m i l a r  con- 
s i d e r a t i o n s   a p p l y   t o   t h e  case of a system on o r   n e a r   t h e   e a r t h   s u r f a c e .   I f   t h e  
system i s  s u f f i c i e n t l y   d i s t a n t   f r o m   t h e   l i g h t n i n g   s t r o k e  a plane-wave  approxi- 
mation  can s t i l l  b e   m a d e ,   e x c e p t   t h a t   t h e   g r o u n d   r e f l e c t i o n   s h o u l d   a l s o   b e  
included.   This   problem is a l s o   e n c o u n t e r e d   i n   t h e   c a s e   o f   t h e   h i g h - a l t i t u d e  
EMP inc iden t   on   sys t ems   nea r   t he   g round   su r f ace .  A commonly u s e d   s i m u l a t o r   f o r  
t h i s   t y p e  of EMP i s  a h y b r i d  EMP s imula to r   shaped  as an  impedance  loaded  arch 
( h a l f   l o o p )   c o n n e c t e d   t o   t h e   e a r t h   w i t h  a g e n e r a t o r   i n   o n e   p o s i t i o n   i n   t h e   a r c h  
( r e f .  7 ) .  T h i s   s i m u l a t o r   i n c l u d e s   t h e   i n c i d e n t  and r e f l e c t e d   w a v e s  a t  t h e  
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g r o u n d   s u r f a c e ,   b u t   a g a i n   f o r   a p p l i c a t i o n   t o   t h e   s i m u l a t i o n   o f   d i s t a n t   l i g h t -  
n ing   t he   r equ i r ed   wave fo rms  are d i f f e r e n t   r e q u i r i n g  a m o d i f i c a t i o n   i n   t h e  
s i m u l a t o r   s o u r c e s .  

111. SIMULATION  OF  DIRECT-STRIKE LIGHTNING 

A more i n t e r e s t i n g   a n d   m o r e   d i f f i c u l t   t y p e   o f   l i g h t n i n g   ( e l e c t r o m a g n e t i c )  
s i m u l a t i o n  is  t h a t   c o n c e r n e d   w i t h  a d i r e c t   s t r i k e   i n c l u d i n g  arc  a t t a c h m e n t   t o  
and  detachment  from  the  system  and  corona  surrounding  the  system.  Since i n  
g e n e r a l   t h e   s t i m u l u s  is  l a r g e r   t h a n   t h a t   f r o m   d i s t a n t   l i g h t n i n g ,   t h e   d i r e c t -  
s t r i k e  case is  i m p o r t a n t   t o   u n d e r s t a n d   a n d   d e s i g n   a g a i n s t .  

The f i r s t  and  fundamental   problem  to   observe i s  t h a t   t h e   s y s t e m  is i n  con- 
t ac t  wi th   t he   non l inea r   and   t ime-va ry ing   sou rce .  A s  s u c h   t h e   s e p a r a t i o n   i n t o  
i n c i d e n t   f i e l d s   f o l l o w e d  by s y s t e m   r e s p o n s e   d i s c u s s e d   i n   t h e   p r e v i o u s   s e c t i o n  
is  no   l onge r   app l i cab le .  A s u r f a c e  S sur rounding   the   sys tem as i n   f i g u r e  2 . 1  
now h a s   c u r r e n t   p a s s i n g   t h r o u g h  S i n t o   ( a n d   o u t   o f )  V.  The problem  no  longer  
s e p a r a t e s   i n t o   i n c i d e n t   a n d   s c a t t e r e d   f i e l d s .  The system i s  i n   t h e   s o u r c e  and 
i n f l u e n c e s   t h e   e v o l u t i o n   o f   t h e   l i g h t n i n g   a r c .  The i n t e r a c t i o n   o f   t h e   f i e l d s  
wi th   t he   sys t em is  i n   t u r n   i n f l u e n c e d  by the   non l inea r ,   t ime-va ry ing   a r c   wh ich  
c a n   c h a n g e   t h e   e l e c t r o m a g n e t i c   p r o p e r t i e s   o f   t h e   s y s t e m   ( e . g . ,   n a t u r a l  
f r equenc ie s ) ,   and   by   t he   non l inea r ,   t ime-va ry ing   co rona   wh ich   can   i n f luence  
t h e   r e s p o n s e   o f   t h e   e x t e r n a l   p e n e t r a t i o n s   ( a p e r t u r e s   a n d   a n t e n n a s )   o n   t h e  
system. 

S u b s e q u e n t   s e c t i o n s   o f   t h i s   n o t e   c o n s i d e r  some  of t h e   i m p o r t a n t   a s p e c t s   o f  
t h e   i n t e r a c t i o n  of d i r e c t - s t r i k e   l i g h t n i n g   w i t h   t h e   s y s t e m ,   a n d   t h e  i m p l i c a -  
t i o n s  of t h e   p r o c e s s e s   f o r   l i g h t n i n g   s i m u l a t o r   d e s i g n .   B e g i n n i n g   w i t h   t h e  
r e c o g n i z e d   l o w - f r e q u e n c y   c u r r e n t   e f f e c t s ,   t h e   l i g h t n i n g   i n t e r a c t i o n   a n d   s i m u -  
l a to r   des ign   a r e   ex t ended   t o   i nc lude   cha rge   (more   gene ra l ly   no rma l -cu r ren t -  
d e n s i t y )   e f f e c t s   a n d   t h e   a s s o c i a t e d   c o r o n a .   T h e n   t h e   a r c - c o n d u c t a n c e   e f f e c t s  
are cons idered  as w e l l  as t h e   i n t e r a c t i o n  of p e r i p h e r a l   p a r t s  of t h e   s i m u l a t o r  
w i t h   t h e  tes t  o b j e c t .  The i n c l u s i o n  of a l l  t h e s e   e f f e c t s   l e a d s   t o  a more 
r i g o r o u s   s i m u l a t o r   d e s i g n .  

I V .  QtJASISTATIC (LOW-FREQUENCY)  CONSIDERATIONS 

C o n s i d e r   f i r s t   t h e  case t h a t   w a v e l e n g t h s   o f   i n t e r e s t  are l a rge   compared   t o  
t h e   e x t e r i o r   s y s t e m   d i m e n s i o n s ;   t h i s  is the   l ow- f requency   o r   quas i s t a t i c   r eg ime .  
F o r   t h i s   p a r t  of t h e   l i g h t n i n g   i n t e r a c t i o n   p r o b l e m   o n e   c a n   t h i n k   o f   t h e   c u r r e n t  
f lowing  through  and  charge on t h e   a i r c r a f t   a s   p r o d u c i n g   r e s p o n s e s   w h i c h  are 
s e p a r a b l e f r o m e a c h   o t h e r ,  a t  l eas t  as an   approximat ion .  

W h i l e   t h e   m a g n e t i c   f i e l d s   a s s o c i a t e d   w i t h   t h e   l i g h t n i n g - a r c   c u r r e n t   f l o w -  
i n g  on t h e   s y s t e m   s u r f a c e   c a n   p e n e t r a t e   t h r o u g h  a m e t a l l i c   s u r f a c e  a t  s u f f i -  
c i e n t l y  l o w   f r e q u e n c i e s ,   t h i s   t y p e   o f   p e n e t r a t i o n  is u s u a l l y   n o t  of dominant 
s i g n i f i c a n c e   b e c a u s e   t h e   s h i e l d   i n d u c t a n c e   a n d   r e s i s t a n c e   ( o f   t h e   b a s i c   m e t a l )  



make a low-pass f i l t e r   w i t h  a v e r y   l o w   r o l l - o f f   f r e q u e n c y .   ( N o t e   t h a t   f o r  some 
composi te  materials w i t h   c o n d u c t i v i t i e s  much lower   t han   t hose  of t y p i c a l  metals 
t h i s   m a g n e t i c   d i s t r i b u t e d   t y p e  of p e n e t r a t i o n   c a n   b e  of g r e a t e r   s i g n i f i c a n c e . )  
Fo r   t yp ica l   sys t ems   such  as a i r c r a f t   t h e   i m p o r t a n t   p e n e t r a t i o n s  are g e n e r a l l y  
more d i s c r e t e   ( s p a t i a l l y   l o c a l i z e d )   i n  nature;  t h e y   i n c l u d e   a p e r t u r e s ,   a n t e n n a s ,  
a n d   v a r i o u s   d i r e c t   c o n d u c t i v e   p e n e t r a t i o n s   s u c h  as power ,   s igna l   l ines ,   mechani -  
cal  c o n t r o l   c a b l e s ,  e tc .  For t h e   p r e s e n t   d i s c u s s i o n   c o n s i d e r   t h e   c a s e s  of s m a l l  
a p e r t u r e s   a n d   a n t e n n a s  as i l l u s t r a t e d  i n  f i g u r e  4.1. 

Consider ,  as i n   f i g u r e  4 . 1 A ,  t he   ca se   o f  small a p e r t u r e s .   I n   t h e   l i n e a r  
a p p r o x i m a t i o n   t h e   f i e l d s   i n s i d e   a n   e x t e r i o r   c o n d u c t i n g   s y s t e m   s u r f a c e   ( a t   p o s i -  
t i o n s   n o t   n e a r   t h e   a p e r t u r e )  are d e r i v e d   f r o m   e q u i v a l e n t   d i p o l e  moments a t  t h e  
a p e r t u r e .  By a n   e q u i v a l e n t   d i p o l e  moment i s  m e a n t   t h a t   v e c t o r   q u a n t i t y   w h i c h ,  
when s u b s t i t u t e d   i n   t h e   f o r m u l a s   f o r   f i e l d s   i n   f r e e   s p a c e   ( r e f .  9 ) ,  approxi-  
m a t e l y   g i v e s   t h e   c o r r e c t   f i e l d s   o v e r  a vo lume  of   space   o f   in te res t ,  a t  least  i n  
the   l ow- f requency   a sympto t i c   fo rm  fo r   pos i t i ons   no t   c lo se   t o   t he   ape r tu re .   In  
t h i s   s e n s e  w e  can write 

z- - -+ z+ 
( s )  = P ( s )  D (s) = E P ( s )  E ( s )  'a a S . C .  o a  

- -+ 

eq  eq  eq 
S . C .  

= e q u i v a l e n t   e l e c t r i c   d i p o l e  moment - 

-+ 
- 

Z t  < 1 G  z- 
m (s) = M ( s )  H ( s )  = - M ( s )  B a a a (SI 

S . C .  
eq eq ' 0  eq 

S . C .  

- = e q u i v a l e n t   m a g n e t i c   d i p o l e  moment 
( 4 . 1 )  

s 5 i2 + j w  complex   f requency   or   Laplace- t ransform  var iab le  

- i n d i c a t e s   L a p l a c e   t r a n s f o r m e d   q u a n t i t y   ( f o r ,   i n   g e n e r a l ,  
two-sided  Laplace  t ransform) 

w h e r e   t h e   s u b s c r i p t  S . C .  (E s h o r t   c i r c u i t )   i n d i c a t e s   t h e   e l e c t r o m a g n e t i c   f i e l d s  
on t h e   s y s t e m   e x t e r i o r   w i t h   t h e   a p e r t u r e   c l o s e d   ( s h o r t e d ) .   T h e s e   s h o r t - c i r c u i t  
f i e l d s  c a n   a l s o   b e  re la ted t o   t h e   c o r r e s p o n d i n g   s u r f a c e   c u r r e n t   a n d   s u r f a c e  
c h a r g e   d e n s i t i e s  v i a  t h e   u n i t   o u t w a r d - p o i n t i n g   n o r m a l   v e c t o r  Tss t o   t h e   s y s t e m  
boundary   su r f ace  S s  as  

H = -1, X Js 
S . C .  

S S . C .  

Assuming f o r   t h e   f o r e g o i n g   t h a t  
wi th  

t h e   s y s t e m   e x t e r i o r   ( o u t s i d e  S s )  is f r e e   s p a c e  
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3 x 10 m / s  8 c =  ( speed   o f   l i gh t )  m 
one  can make  some o b s e r v a t i o n s   c o n c e r n i n g   t h e  re la t ive magni tudes   o f   the  elec- 
t r i c  and  magnet ic   types of a p e r t u r e   p e n e t r a t i o n .   C o n s i d e r i n g   t h e  case of   an  
o p e n   a p e r t u r e   ( s a y  a c i r c u l a r   h o l e )   f i r s t   n o t e   t h a t   t h e   e q u i v a l e n t  
p o l a r i z a b i l i t i e s  

ir, 
Pa (s)  E 

eq 

ir, 
Ma (s) 

eq 

1 -1 P (s) 
ss  ss a 

[T - ississ] ea (s) ( equ iva len t   magne t i c  

( e q u i v a l e n t   e l e c t r i c   p o l a r i z a b i l i t y )  
eq ( 4 . 4 )  

eq p o l a r i z a b i l i t y )  

have   un i t s   (me te r )  ', making  them some k ind   of   equiva len t   vo lumes .   Fur thermore  
an   open   ho le   (pe rhaps   cove red   w i th   an   i n su la to r )   has   po la r i zab i l i t y   componen t s  
of   o rder  d3  where d is  a c h a r a c t e r i s t i c   d i m e n s i o n  of t h e   a p e r t u r e   ( s a y   t h e  
r a d i u s  of a c i r c u l a r   h o l e ) .   S p e c i f i c a l l y   t h e   d o m i n a n t   c o m p o n e n t s   o f   t h e   e l e c -  
t r i c  a n d   m a g n e t i c   p o l a r i z a b i l i t i e s  of a n   u n l o a d e d   c i r c u l a r   a p e r t u r e   a r e   a b o u t  
equa l ,   and   f r equency   i ndependen t   fo r   wave leng ths  A >> d .  

F o r   t h e  case t h a t   t h e   s h o r t - c i r c u i t   e l e c t r i c   f i e l d  i s  t h e  same  magnitude 
as Zo times t h e   s h o r t - c i r c u i t   m a g n e t i c   f i e l d ,  i - e . ,  f o r  

a n d   a s s u m i n g   ( a s   a b o v e )   c o m p a r a b l e   e q u i v a l e n t   a p e r t u r e   p o l a r i z a b i l i t i e s ,  i . e . ,  

where   fo r   dyads   (o r   ma t r i ces )   t he   magn i tude  I I i s  t h e  2 norm ( o r   s p e c t r a l   o r  
e u c l i d e a n  norm) ( r e f .  l o ) ,  t h e n  w e  have  from ( 4 . 1 )  

+ - 
provided H s S c .  is o r i e n t e d   a p p r o x i m a t e l y   i n  a d i r e c t i o n   c o r r e s p o n d i n g   t o   t h e  
largest   components   of  Ma T h i s   r e s u l t  ( 4 . 7 )  is  p r e c i s e l y   t h a t   f o r   m a k i n g   t h e  
f a r   f i e l d s   ( r - l   t e r m s )   I n   t h e   d i p o l e   f o r m u l a s   c o m p a r a b l e   f o r   b o t h  e l ec t r i c  and 
m a g n e t i c   d i p o l e s   ( r e f .   5 ) .   T h e   n e a r   f i e l d s   ( r - 2   a n d   r - 3   t e r m s )  are dominant ly  
e l e c t r i c   f o r   e l e c t r i c   d i p o l e s   a n d   m a g n e t i c   f o r   m a g n e t i c   d i p o l e s .   T h u s ,   f o r  a 
s i g n i f i c a n t  c lass  of a p e r t u r e s ,   c o m p a r a b l e   s h o r t - c i r c u i t   e x c i t i n g   f i e l d s  
( r e l a t e d  by Z o  a s   i n   ( 4 . 5 ) )   g i v e   c o m p a r a b l e   f i e l d s   p e n e t r a t i n g   t h e   a p e r t u r e .  

3 
.eq 
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Now c o n s i d e r   d i r e c t - s t r i k e   l i g h t n i n g .   F i g u r e  4.2 i l l u s t r a t e s   t h e  case of 
some e l o n g a t e d   o b j e c t   o f   r a d i u s  a ( w i t h   l e n g t h  >> a )   wh ich   migh t   r ep resen t  a 
missile o r   a i r c r a f t .  L e t  arc  1 f irst  a t t a c h   t o   o n e   e n d   f o l l o w e d   b y  arc  2 
d e t a c h i n g   f r o m   t h e   o t h e r   e n d .  For q u a s i s t a t i c   ( s l o w  time v a r i a t i o n )   c o n s i d e r a -  
t i o n s   w i t h   c u r r e n t  I f lowing   th rough  the   sys tem w e  have a t y p i c a l   s h o r t - c i r c u i t  
m a g n e t i c   f i e l d  on t h e   s y s t e m   s u r f a c e  

H I 
s .c.  2na 

E -  

T h e   c o r r e s p o n d i n g   s h o r t - c i r c u i t   e l e c t r i c   f i e l d   c a n   b e   e s t i m a t e d  by n o t i n g   t h a t  
a n   a r c   l e a v i n g   t h e   s y s t e m   s u r f a c e   o c c u r s  when t h e   b r e a k d o w n   e l e c t r i c   f i e l d  of 
a i r  h a s   b e e n   e x c e e d e d .   T h i s   i m p l i e s   a n   e l e c t r i c   f i e l d   o f  

E E 3 MV/m 
S . C .  ( 4 . 9 )  

o r  a l i t t l e  less because  of t h e   s y s t e m ' s   o p e r a t i n g   a l t i t u d e .   L e t t i n g  

a - l m  ( 4 . 1 0 )  

l e t  u s   c o n s i d e r  two c a s e s :  

Case 1: 

I - 200 kA 

H E 30 k A / m  
S . C .  

E 

H 
S . C .  - -" - 100 R 
S . C .  

Case 2: 

I - 2 o k A  

H 3 k A / m  
S . C .  

(4.11) 

(4 .12)  

E 
H 

S . C .  

S . C .  

" - 1000 R 

These   cases  of i n t e r e s t   t h e n   g i v e   q u a s i s t a t i c  E/H r a t i o s  on t h e   s y s t e m   s u r f a c e  
comparable   to  Zo. T h u s   t h e   q u a s i s t a t i c   e l e c t r i c  and   magne t i c   f i e lds  a re  of com- 
p a r a b l e   i m p o r t a n c e   f o r   p e n e t r a t i o n   t h r o u g h  a c l a s s  of a p e r t u r e s .  

F o r   t h i s   r e s u l t   t h e   e f f e c t  of c o r o n a   o n   t h e   p o l a r i z a b i l i t i e s   h a s   n o t   b e e n  
i n c l u d e d .  Our e s t i m a t e   o f   t h e   q u a s i s t a t i c   e l e c t r i c   f i e l d   i n  ( 4 . 9 )  is  based  on 
streamers ( a r c s )   l e a v i n g  Ss.  One form  of  such  breakdown  can  be  considered a 
corona  around much of Ss.  One c a n   r e a d i l y  show t h a t   t h e   m a g n e t i c - f i e l d   c h a n g e  
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a s s o c i a t e d   w i t h   b o u n d e d   v a r i a t i o n s   i n  a i r  c o n d u c t i v i t y   a r o u n d   l o c a l   p e r t u r b a -  
t i o n s  of S s  (such as a p e r t u r e s )  i s  small i n   t h e   q u a s i s t a t i c   ( l o w - f r e q u e n c y )  
l i m i t  ( r e f .  2 ) .  B a s i c a l l y  a bounded  conduct ivi ty   change  over  a small r e g i o n  
d o e s   n o t   s i g n i f i c a n t l y  a l te r  a n   e x t e r n a l   m a g n e t i c   f i e l d   p r o v i d e d   t h e   s k i n   d e p t h  
( o r   d i f f u s i o n   d e p t h )   i n   t h e   r e g i o n  i s  l a r g e  compared t o   t h e   s i z e  of t h e   r e g i o n .  
However, t h e  case f o r   t h e  e lec t r ic  f i e l d  i s  q u i t e   d i f f e r e n t .  The air conduc- 
t i v i t y  (5 d i r e c t l y   c o m b i n e s   w i t h   t h e  e l ec t r i c  f i e l d  3 p r o d u c i n g   t h e   c u r r e n t  
d e n s i t y  3 (= (53). The   l ow- f requency   l oca l   zon t inu i ty   o f   t he   cu r ren t   dens i ty  
c l e a r l y   i n d i c a t e s   t h a t   c h a n g e s   i n  (5 change E i n  a comparable way. This   change 
i n  (5 can   t hen   change   t he   equ iva len t  e lec t r ic  d i p o l e  moment and   the   cor respond-  
i n g   e l e c t r i c   p o l a r i z a b i l i t y   b y   c h a n g i n g   t h e   c h a r g e   d i s t r i b u t i o n   i n   t h e   v i c i n i t y  
of t h e   a p e r t u r e ,   i n c l u d i n g   i n   t h e  air  as w e l l .  N o t e   t h a t   t h e   n o n l i n e a r   ( a n d  
p o o r l y  known) c h a r a c t e r   o f   t h e   c o r o n a   n e a r   t h e   a p e r t u r e   s i g n i f i c a n t l y   c o m p l i -  
c a t e s   t h e   p r o b l e m   a n d   r e q u i r e s   t h e   a n a l y s i s   t o   b e   c o n d u c t e d   i n  time domain. 
It may b e   i n t e r e s t i n g   t o  view t h i s   e l e c t r i c   r e s p o n s e   i n  terms of t h e   t o t a l  
c u r r e n t   d e n s i t y  

(4.13) 

w h i c h   i n c l u d e s   t h e   l o c a l   c o r o n a   c o n d u c t i v i t y .  

T h e   c a s e   o f   e l e c t r i c a l l y  small antennas  on S s  i s  i n d i c a t e d   i n   f i g u r e  4.1B. 
A n a l o g o u s   t o   t h e   a p e r t u r e - p e n e t r a t i o n   f o r m u l a s   ( 4 . 1 )   o n e   h a s   t h e   l i n e a r  
r e sponse   o f   such   an tennas   a s  

e l e c t r i c :  
5 

V ( s )  = -E (s) Eeq(s)  
-+ i 

O . C .  S . C .  

- 
I ( s )  = -sD (s) Aeq(s) 

+ i 

S . C .  S . C .  

magnet ic  : 

V (s)  = s B  
." -f i 

O . C .  (SI Aeq(s) S.C. 

(4.14) 

(4 .15)  

f o r   o p e n - c i r c u i t   v o l t a g e   a n d   s h o r t - c i r c u i t   c u r r e n t .   N o t e   t h a t   t h e   e l e c t r i c a l l y  
small a n t e n n a s   a r e   u s u a l l y   c h a r a c t e r i z e d  by e q u i v a l e n t   l e n g t h s   ( o r   h e i g h t s )   a n d  
e q u i v a l e n t  areas. Whi l e   t hese  are  g e n e r a l l y   f u n c t i o n s   o f   f r e q u e n c y ,   s i m p l e  
e lec t r ic -  and   magnet ic -d ipole   an tennas   have   f requency- independent   equiva len t  
l eng ths   and  areas i n   t h e   e l e c t r i c a l l y  small r e g i m e   ( r e f .   4 ) .  I n  t h e   q u a s i s t a t i c  
r e g i m e   o f   t h e   s y s t e m   t h e   d i r e c t - s t r i k e   l i g h t n i n g   c u r r e n t  i s  i m p o r t a n t   f o r  mag- 
n e t i c   a n t e n n a s ,   a n d   t h e   l i g h t n i n g   c h a r g e  i s  i m p o r t a n t   f o r  e l ec t r i c  an tennas .  

N o t e   t h a t  as  i n   t h e   c a s e  of a p e r t u r e s   t h e   c o r o n a   i n   t h e   v i c i n i t y   o f   t h e  
an tenna   needs   t o   be   cons ide red .   The   e f f ec t   o f   co rona   conduc t iv i ty   on   t he  
response   o f   magnet ic   an tennas  is  n o t  of f i r s t - o r d e r   i m p o r t a n c e  a t  low  f r equenc ie s  
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( r e f .   2 ) .  It  is ,  however, of f u n d a m e n t a l   i m p o r t a n c e   t o   t h e   r e s p o n s e  of e lec t r ic  
( o r   c u r r e n t - d e n s i t y )   a n t e n n a s   ( r e f s .  1 , 3 ) .  

Not ing   t he   impor t ance  of b o t h   c u r r e n t   a n d   c h a r g e  a t  l o w   f r e q u e n c i e s   o n   t h e  
s y s t e m   o f   i n t e r e s t ,   o n e   m i g h t   a t t e m p t   t o   s i m u l a t e   t h i s   p a r t   o f   t h e   d i r e c t -  
s t r i k e   l i g h t n i n g   e n v i r o n m e n t  as i l l u s t r a t e d   i n   f i g u r e  4.3 .  The   t echn ique   i nd i -  
c a t e d   i n   f i g u r e  4 . 3 A  is  c u r r e n t l y  commonly employed ,   bu t   no te   t ha t  as used  i t  
g i v e s  a l a r g e   c u r r e n t   w i t h  a ( r e l a t i v e l y )  small v o l t a g e   o n   t h e   s y s t e m .  Beyond 
p r e s e n t   p r a c t i c e ,   v a r i o u s   t y p e s  o f   i m p e d a n c e   l o a d i n g   i n   t h e   l e a d s   c o n n e c t i n g   t o  
t h e   p u l s e   g e n e r a t o r   ( a n d   v a r i o u s   i m p e d a n c e s   w i t h   t h e   p u l s e   g e n e r a t o r )   c a n   b e  
u s e d   t o   t a i l o r   t h e   d r i v i n g   w a v e f o r m   a n d   t h e   r e s p o n s e   o f   t h e   s y s t e m  by  con- 
t r o l l e d   l o a d i n g  of t h e   s y s t e m   e x t e r i o r .  

The   complementary   s imula t ion   for   the   low-f requency   charge  i s  i n d i c a t e d   i n  
f i g u r e  4.3B.  T h i s   c h a r g e   o r   v o l t a g e   s i m u l a t i o n   r a i s e s   t h e   p o t e n t i a l  of t h e  
s y s t e m   r e l a t i v e   t o  some g round   r e fe rence ,   such  as a ground  plane.   This   can  be 
thought   o f   as  a high-impedance  s imulat ion  in   contrast   to   the  low-impedance  s imu- 
l a t i o n   f o r   c u r r e n t .  The   capac i t ance   o f   t he   sys t em  wi th   r e spec t   t o   t he   g round  
r e f e r e n c e  i s  u s e d   t o   d e t e r m i n e   t h e   r e q u i r e d   v o l t a g e  (V) needed   t o   p roduce   t he  
d e s i r e d  t o t a l   c h a r g e  (Q) on  the  system. 

F o r   b o t h   t h e   c u r r e n t   a n d   c h a r g e   q u a s i s t a t i c   s i m u l a t i o n   o n e   s h o u l d   b e   c a r e -  
f u l  o f   l ead   p lacement   and   proximi ty   o f   the   sys tem of i n t e r e s t   t o   o t h e r   o b j e c t s  
(such as b u i l d i n g s ,   e a r t h ,   e t c . )   b e c a u s e   t h e s e  a l l  i n f l u e n c e   t h e   d i s t r i b u t i o n  
of t h e   s u r f a c e   c u r r e n t   a n d   c h a r g e   d e n s i t i e s  on S s .  In   o the r   words   one   shou ld  
minimize  what is r e f e r r e d   t o  as t h e   s i m u l a t o r / t e s t - o b j e c t   i n t e r a c t i o n   ( r e f .  7 ) .  
Combining t h e  two q u a s i s t a t i c   t e c h n i q u e s   o n e   m i g h t   h a v e  a somewhat  more  complete 
s i m u l a t i o n   a s   i n d i c a t e d   i n   f i g u r e  4 .4 .  Here o n e   h a s  two s o u r c e s  V 1  and V 2  w i t h  
assoc ia ted   impedances  21 and  22   toge ther   wi th  a g r o u n d   r e f e r e n c e   t o   e s t a b l i s h  
t h e   d e s i r e d  V and I on t h e   s y s t e m  a t  low  f r equenc ie s .  

N o t e   t h a t ,   w h i l e   o u r   d i s c u s s i o n   i n   t h i s   s e c t i o n   h a s   b e e n   c e n t e r e d   o n   t h e  
q u a s i s t a t i c   r e g i m e   f o r   t h e   s y s t e m ,   t h e   n o n l i n e a r   c h a r a c t e r  of t h e   l i g h t n i n g  arc 
and  corona  on S s  limits o n e ’ s   a b i l i t y   t o   c o m p l e t e l y   s e p a r a t e   t h e   q u a s i s t a t i c  
regime  f rom  the  higher-frequency  regime.  The ea r ly - t ime   and   r e sonan t   r e sponse  
a l l  a f f e c t   t h e   l i g h t n i n g   a r c   a n d   c o r o n a   w h i c h   i n   t u r n   i n f l u e n c e   t h e   q u a s i s t a t i c  
response .  

V .  EXTERIOR SYSTEM RESONANCES 

It i s  w e l l  known t h a t   t y p i c a l   e l e c t r o m a g n e t i c   s c a t t e r e r s   r e s o n a t e   i n  a 
manner   character ized  by damped s i n u s o i d s   i n  time domain.  These  complex  natural  
f r e q u e n c i e s  sa a r e   p o l e s   i n   t h e   c o m p l e x - f r e q u e n c y   o r  s p l ane .   Gene ra l i z ing   on  
t h i s   o b s e r v a t i o n   h a s  l e d  t o   t h e   s i n g u l a r i t y   e x p a n s i o n   m e t h o d  (SEM) f o r   t h e  
r e p r e s e n t a t i o n   o f   t h e   e l e c t r o m a g n e t i c   s c a t t e r i n g   p r o c e s s   f o r   l i n e a r   ( a n d   t o  
d a t e  time i n v a r i a n t )   s c a t t e r e r s .   T h e r e  i s  a c o n s i d e r a b l e   l i t e r a t u r e  now devel-  
oped t o  w h i c h   t h e   r e a d e r  may r e f e r   ( r e f s .  1 3 , 1 4 ) .  We are no t   conce rned   he re  
w i t h   t h e   g e n e r a l   t h e o r y ,   b u t   a r e   c o n c e r n e d   w i t h  some  of i t s  i m p l i c a t i o n s   f o r  
t h e   l i g h t n i n g   e x t e r n a l   i n t e r a c t i o n   a n d   c o r r e s p o n d i n g   l i g h t n i n g   s i m u l a t i o n .  
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C o n s i d e r   a n   i n t e g r a l   e q u a t i o n   o f   t h e   g e n e r a l   f o r m   ( r e f .   1 4 )  

? - +  
E ( r , s )  E s o u r c e   o r . i n c i d e n t  e l ec t r i c  f i e l d  

t7-+ 
Z ( r , s )  E impedance  loading  (such as l i g h t n i n g   a r c )  R 

S 

(5 .1)  

z - +  
J ( r , s )  : r e s p o n s e   c u r r e n t   d e n s i t y  

&+ -+ 
Z ( r , r ' ; s )  E impedance  kernel  

w i t h  <,> i n d i c a t i n g   t h e  domain  of i n t e g r a t i o n   ( t h e   r e g i o n   o v e r   w h i c h   t h e   c u r r e n t  
d e n s i t y   ( o r  a t  least  i ts  r e l e v a n t   p o r t i o n )   e x i s t s .  

I g n o r i n g   f o r   t h e  moment the   non l inea r   and   t ime-va ry ing   cha rac t e r   o f   t he  
a i r   c o n d u c t i v i t y   i n   t h e   l i g h t n i n g   a r c ,  l e t  us   approximate   the   impedance   loading  
by t h e   r e c i p r o c a l  of t h e  a i r  c o n d u c t i v i t y   ( t i m e s   t h e   d y a d i c   i d e n t i t y ) .   W i t h o u t  
t h e  arc  o n e   c a n   f i n d   t h e   e x t e r i o r   n a t u r a l   f r e q u e n c i e s  of the   sys tem  f rom 

y 'o) ( ; )  5 n a t u r a l  mode w i t h o u t  arc a (5.2) 

S ( O )  E n a t u r a l   f r e q u e n c y   w i t h o u t   a r c  a 

where r , r  i s  h e r e   o n l y   o v e r   t h e   s y s t e m .   I n   t h e  moment method (MOM) ( r e f .   1 2 )  
the   impedance   kerne l  i s  c o n v e r t e d   i n t o  a m a t r i x   ( z n , m ( s ) )   w h i c h   a l l o w s   o n e   t o  
f i n d   t h e   n a t u r a l   f r e q u e n c i e s   f r o m  

-+ + I  

Now i n c l u d i n g   t h e   a r c   c o n d u c t i v i t y   i n   a n   a p p r o x i m a t i o n   a s   l i n e a r   a n d  time- 
i n v a r i a n t ,  w e  have a new e q u a t i o n   f o r   n a t u r a l   f r e q u e n c i e s   a s  

J ( l ) ( r )  E n a t u r a l  mode w i t h   a r c  a (5 .4)  

S n a t u r a l   f r e q u e n c y   w i t h   a r c  a 
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w i t h  r , r  o v e r   t h e   s y s t e m   p l u s  arc.  I n   g e n e r a l   o n e   d o e s   n o t   e x p e c t   t h e  set of ' 

s(1) t o   e q u a l   t h e  se t  of ~ $ 0 )  g i v e n   t h e i r   d i f f e r e n t   d e f i n i n g   e q u a t i o n s .   F u r -  
tffermore, as t h e  arc  c o n d u c t i v i t y  is v a r i e d   t h e   n a t u r a l   f r e q u e n c i e s  s&1) w i l l  
i n   g e n e r a l   a l s o   v a r y .  S i m i l a r  o b s e r v a t i o n s   c a n   b e  made c o n c e r n i n g   t h e   n a t u r a l  
modes 3&1) (;) and   t he   ampl i tudes   o f   t hese   r e sonances  known as coupl ing  
c o e f f i c i e n t s .  

-+ + I  

I n   o r d e r   t o   h a v e   t h e  SA') b e   c o r r e c t l y   i n c l u d e d   i n   t h e   s i m u l a t i o n  i t  is i n  
g e n e r a l   n e c e s s a r y   t h a t   t h e  arc  c o n d u c t a n c e   p e r   u n i t   l e n g t h   b e   p r o p e r l y   i n c l u d e d  
i n   t h e   s i m u l a t i o n .  A t  least  nea r   t he   sys t em,   t hen ,   t he   l eads   f rom  the   pu l se  
g e n e r a t o r s   i n   f i g u r e s  4 . 3  and 4.4 can   be   impedance   loaded   to   approximate  some 
d e s i r e d   a r c   c o n d u c t a n c e   p e r   u n i t   l e n g t h .   I f   t h e   l e a d   l e n g t h s   f r o m   t h e i r  con- 
n e c t i o n s   t o   t h e   s y s t e m  are s u f f i c i e n t l y   l o n g   o n e   c a n   g e t  a t  least  some  of t h e  
n a t u r a l   f r e q u e n c i e s   a n d   n a t u r a l  modes  (on t h e   s y s t e m )   t o   a p p r o x i m a t e   t h o s e  
a p p r o p r i a t e   t o   t h e   d e s i r e d  arc c o n d u c t a n c e   p e r   u n i t   l e n g t h .  

One s h o u l d   r e g a r d   t h i s   a r c - c o n d u c t a n c e   p a r t   o f   t h e   s i m u l a t i o n  as a neces-  
s a r y   c o n d i t i o n   i n   t h e   r e s o n a n c e   r e g i m e o f t h e   s y s t e m .  I t  i s  n o t   i n   g e n e r a l  a 
s u f f i c i e n t   c o n d i t i o n   b e c a u s e   o f   t h e   n o n l i n e a r   a n d   t i m e - v a r y i n g   c h a r a c t e r  of t h e  
r ea l  l i g h t n i n g  arcs.  I n   a d d i t i o n   t h e r e  i s  the   co rona   su r round ing   t he   sys t em 
u n d e r   d i r e c t - s t r i k e   l i g h t n i n g   c o n d i t i o n s   w h i c h  may a l s o   h a v e  some i n f l u e n c e  on 
the   resonance- reg ion   response .  To i n c l u d e   t h e s e   n o n l i n e a r   a n d   t i m e - v a r y i n g  
c o n d u c t i v i t i e s   i n   t h e   s i m u l a t i o n  may r e q u i r e  a v e r y   r e a l i s t i c   s i m u l a t i o n   w i t h  
"real" c u r r e n t  levels, vo l t ages ,   and   su r round ing   a tmosphe re   w i th   a r c s   and  
corona.  

VI .  MAKING SIMULATION A "PART" OF A LONG LIGHTNING ARC 

Prev ious   s ec t ions   have   cons ide red  some o f   t h e   a s p e c t s  of t h e   i n t e r a c t i o n  
o f   d i r e c t - s t r i k e   l i g h t n i n g   w i t h   e l e c t r o n i c   s y s t e m s   f r o m   t h e   v i e w p o i n t   o f   s i m u -  
l a t i n g   s u c h   a s p e c t s   w i t h   p u l s e r s   a n d   i m p e d a n c e s   d i r e c t l y   c o n n e c t e d   t o  S s .  
However,   such  simulation is l i m i t e d  by t h e   n a t u r e  of t h e   l i g h t n i n g   a r c ,   e s p e -  
c i a l l y   i n  i t s  n o n l i n e a r   a n d   t i m e - v a r y i n g   c h a r a c t e r i s t i c s .   T h i s  is f u r t h e r  
compl ica ted   by   the  l i m i t e d  s t a t e  of quan t i t a t ive   knowledge   conce rn ing   t he  
d e t a i l e d   p h y s i c a l   p r o c e s s e s   i n   t h e  arc  a n d   t h e   r e s u l t i n g   c o n d u c t a n c e   p e r   u n i t  
l e n g t h ,   t o r t u o u s i t y ,  e tc .  

A p o s s i b l e   a p p r o a c h   t o   l i g h t n i n g   s i m u l a t i o n   w h i c h  a t  least  p a r t l y   a v o i d s  
some o f   t h e s e   d i f f i c u l t i e s   c o n s i s t s   i n   c o n s t r u c t i n g   a n   a r c   i n  a i r  and l e t t i n g  
t h i s   a r c   a t t a c h   t o   a n d   d e t a c h   f r o m  S s .  T h i s   a r c  i s  g e n e r a t e d  by a n   a p p r o p r i a t e  
h i g h - v o l t a g e   p u l s e   g e n e r a t o r   w i t h   i m p e d a n c e   l o a d i n g   a s   i l l u s t r a t e d   i n   f i g u r e  
6 .1 .  The a r c   m i g h t   b e   i n i t i a t e d  a t  some h i g h - v o l t a g e   e l e c t r o d e ,   p r o p a g a t e  
t o w a r d   t h e   s y s t e m   o f   i n t e r e s t   ( p e r h a p s   m e e t i n g  streamers f rom  the   sys tem) ,  
a t t ach   t o   t he   sys t em,   cha rge   t he   sys t em,   de t ach   f rom  the   sys t em,   p ropaga te  
toward a r e t u r n   c o n d u c t o r   ( s u c h   a s  a g r o u n d   p l a n e ) ,   a n d   c l o s e   t o   t h e   r e t u r n  
c o n d u c t o r ,   t h e r e b y   c o m p l e t i n g   t h e   c u r r e n t   p a t h   t h r o u g h   t h e   p u l s e   g e n e r a t o r .  

T h i s   t y p e   o f   s i m u l a t i o n   m i g h t   b e   r e f e r r e d   t o  as dua l - a rc   l i gh tn ing   s imula -  
t i o n ,   r e f e r r i n g   t o   t h e  two a r c s   c o n n e c t e d   t o   t h e   s y s t e m   i n   f i g u r e  6 .1 .  How 
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closely  this  simulates  the  direct-strike  lightning  phenomenon  depends  poten- 
tially  on  various  physical  parameters.  The  arcs  should  be  sufficiently  long  to 
simulate  the  important  aspects  of  the  natural  phenomenon.  For  the  simulation 
of in-flight  conditions  for  the  system (as for an aircraft or missile) one may 
wish  to  control  the  local  air  density,  water-vapor  content,  etc.  Clearly what 
is  required for the  environmental  details  can  be  a  rather  complex  question. 

A less  complete  form of  the  type  of  simulation  in figure 6 .1  would use 
only  one  arc  in  air.  One  might  have an attachment  single-arc  simulation  by 
electrically  connecting  the  system  to  the  return  conductor  to  the  pulser 
(through  perhaps  some  distributed  impedance). An alternate  approach  would  be 
a detachment  single-arc  simulation  obtained  by  connecting  the  system  to  the 
high-voltage  electrode  in  figure 6.1  (again  perhaps with  special impedances). 
Both  of  these  techniques allow charging  of  the  system  (with  resulting  large 
electric  fields). However, the  sequential  charging  and  discharging  in  the  non- 
linear,  time-varying  arc  manner  is  not  fully  accomplished. 

VII. SUMMARY 

A s  one  may  now realize, there  are  several  possible  improvements  that  can 
be  incorporated  into  lightning  testing  to  make  the  test a simulation. Asso- 
ciated  with  various  identifiable  physical  processes  in  the  lightning  interac- 
tion  with  electronic  systems, one can  formulate  corresponding  constraints  on 
the  simulator  design. While this  leads  to  improved  simulator  designs,  this  is 
n o t  necessarily  complete  because  of  the  limited  understanding  of  the  lightning 
physical  processes  by  the  scientific/engineering  community.  For  distant 
lightning,  except  for  some  waveform  questions,  the  simulation  problem is simi- 
lar  to a class  of EMP simulation and  thereby  relatively well known. For 
direct-strike  lightning  the  situation  is  quite  complex  and  little  understood  by 
comparison. 

For  direct-strike  lightning  one  can  consider  the  physical  processes 
involved  to  develop  simulator  design.  Quasistatic  considerations  lead  to  the 
importance of  both  current  and  charge  on  the system, thereby  requiring  the 
simulator  to  produce  large  voltage as well as large  current. In the resonance 
region SEM considerations  lead  to  the  requirement of simulating  the  lightning 
arcs  in  both  geometry  and  impedance  properties,  at  least  near  the  system.  Both 
low  frequencies and resonance  frequencies  require  that  the  non-arc  conductors 
and  other  objects  be  positioned  away  from  the  system  under  test so as to not 
undesirably  modify  the  system  response.  At  high  frequencies  (short  wavelengths 
compared  to  system  dimensions)  the  problem  is  very  messy  making  it  difficult  to 
identify  specific  aspects  of  the  simulation  associated  with  this  regime. 

By  successively  imposing  the  various  constraints  on  lightning  simulation 
one can  progressively  improve  the  realism  of  the  simulation.  Given  the  state 
of  lightning  understanding  at a given  time  (such  as  the  present)  one  can  design 
a simulator  which  is  consistent  with  this  understanding.  Such  understanding 
already  indicates  that  considerable  improvement  in  lightning  simulation  is 
needed as discussed  here. However, there  is  still the fundamental  need of obtain- 
ing  an  adequate  understanding  of  the  lightning  electromagnetic  environment. 
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Figure 2.1. - Fields incident on system away  from lightning arc. 
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Figure 4.1.- Quasistatic interaction mechanisms for small penetrations. 
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Figure 4.2.- Q u a s i s t a t i c   s u r f a c e   f i e l d s   f o r   d i r e c t - s t r i k e   l i g h t n i n g .  
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Figure 4.3.- Current and charge  low-frequency  simulation. 
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Figure 4.4.- Cmbined current  and  charge low-frequency simulation. 
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Figure 6.1 .- Dual-arc lightning simulation. 
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A UNIVERSAL  PROCEDURE  FOR  EVALUATION AND APPLICATION 

OF SURGE-PROTECTIVE  DEVICES 

Bernhard I. Wolf f 
General Electric Company, Semiconductor  Products  Department 

Syracuse,  N .Y . 
SUMMARY 

F i r s t   o f  a l l  t he   sou rce ,   na tu re ,  and  frequency  of  occurrence  of  transients 
must b e   i d e n t i f i e d .  A r ep resen ta t ive   s t anda rd  test wave should  be  chosen  for 
proof   t es t ing .  The performance  of   candidate   suppressor   devices   then  can  be 
eva lua ted   aga ins t   the   wi ths tand   goa ls  set for   the  equipment .  The va r ious  
s u p p r e s s o r s   d i v i d e   i n t o  two classes of generic   behavior .  The key t o  a 
un ive r sa l   p rocedure   fo r   eva lua t ing   bo th  classes l ies i n   r e p r e s e n t i n g   t r a n s i e n t s  
as quasi-current   sources  of def ined   cur ren t   impulse   dura t ion .  The a v a t l a b l e  
su rge   cu r ren t  is e s t a b l i s h e d  by the  Thevenin  equivalent   t ransient   vol tage and 
source  impedance. A l o a d   l i n e  drawn on t h e  V-I  c h a r a c t e r i s t i c   g r a p h  of t he  
suppressor  quickly  determines  the  clamping  voltage and  peak  current.  These 
va lues   then   can   be  compared to   t he   r equ i r emen t .  The deposi ted  energy and 
average power d i s s i p a t i o n   f o r   m u l t i p l e   t r a n s i e n t s   a l s o   c a n   b e   c a l c u l a t e d .  

It  may be   poss ib le   to   improve   the   p ro tec t ive  level a t  a s e n s i t i v e   c i r c u i t  
by use  of two s u p p r e s s o r s   i n  a cascade  network. A series impedance is 
necessary   to   p rovide  a degree  of  isolation  between  the  primary and  secondary 
suppressors .  The method is i l l u s t r a t e d   w i t h  a design  example  for  motor 
v e h i c l e   a l t e r n a t o r   l o a d  dump suppression.  

INTRODUCTION 

U n t i l   t h e  l as t  decade or two surge   suppress ion  was no t  a problem  which 
touched   t he   ac t iv i ty  of many c i r c u i t  and  equipment  designers. Most e l e c t r o n  
tubes  and  electro-mechanical  devices were r e l a t i v e l y   l a r g e  and  rugged,  and 
exhibi ted  high  inherent   immunity  to   surge damage or   upse t .   Surge   p ro tec t ion  
w a s  the  business  of  specialists  concerned  mainly  with  equipment  or  personnel 
exposed t o   t h e   e f f e c t s   o f   d i r e c t   l i g h t n i n g   s t r i k e s .  Adequate  protection 
usua l ly  was ob ta inab le   w i th  w e l l  designed  spark  gaps  incorporat ing resistive 
elements t o  limit fo l low  cu r ren t   f rom  the  power source.  However, the  micro- 
c i r c u i t   r e v o l u t i o n   h a s  changed a l l  t h a t .  With t h e s e   s e n s i t i v e   d e v i c e s   t h e  
e f f e c t s  are f e l t  o f   t r ans i en t   d i s tu rbances   appea r ing   l oca l ly  a t  r e l a t i v e l y  low 
levels. Trans ien t   suppress ion   then  becomes a necessary  phase  of   design.  

It is the   pu rpose   o f   t h i s   pape r   t o   ou t l i ne   t he   bas i c   p rocedure   t ha t  is 
used i n   e v a l u a t i o n  and  appl icat ion  of   suppressor   (surge-protect ive)   devices .  
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Although reactive and resistive e lements   a l so  may be   u sed   e f f ec t ive ly  as 
v a r i a b l e s  as w i l l  be   s een ,   t he  active suppressor   e lement  is u s u a l l y   t h e   c e n t e p  
p i ece   o f   des ign .   Because   o f   t he   va r i e ty   o f   t r ans i en t s   t ha t  may occur de- 
pending  on  the  environment,  and t h e   d i f f e r e n t   p r o p e r t i e s  of candida te  
s u p p r e s s o r s ,   t h e   s e l e c t i o n  of a s u i t a b l e   d e v i c e  i s n ' t  n e c e s s a r i l y  a r o u t i n e  
matter. However, certain s t e p s  are bas i c   t o   t he   eva lua t ion   p rocess .   These  
are f ami l i a r   t o   expe r i enced   suppres s ion   des igne r s   bu t   t he   p re sen ta t ion   he re  
may b e   o f   b e n e f i t   t o   t h e  newcomer. These  s teps  w i l l  b e   i l l u s t r a t e d   w i t h  some 
examples   involving  var iable-resis tance  and  discharge  type  behavior   suppressor  
dev ices ,  and t h e  areas where   these   d i f fe ren t   devices  are incomparable w i l l  be 
ind ica t ed .  

REPRESENTATION  OF THE TRANSIENT ENVIRONMENT 

One of t h e   d i f f i c u l t i e s   e n c o u n t e r e d   i n   d e a l i n g   w i t h   t r a n s i e n t s  is t h a t  
d i f f e r e n t   k i n d s   o f   t r a n s i e n t s   t e n d   t o   o c c u r   i n   d i f f e r e n t   e n v i r o n m e n t s .  Worse, 
i n  some environments  no two t r a n s i e n t s  are l i k e l y   t o   b e   i d e n t i c a l .  Nonethe- 
less, i t  usua l ly  is p o s s i b l e   t o  make r easonab le   gene ra l i za t ions   abou t   t he i r  
character is t ics .   For   example,   the   pioneering  inquiry  of   reference 1 i n t o   t h e  
na tu re  of t r a n s i e n t s  on ac power l i n e s   i n   i n d o o r   r e s i d e n t i a l   o r  commercial 
loca t ions   p roduced   the   osc i l lograph   of   F igure  1. This was obtained by 
t r i g g e r i n g   t h e   o s c i l l o s c o p e  when t r ans i en t s   above  a p rese t   l eve l   occu r red  
over a 24 hour   per iod.  The b r i g h t   w h i t e   c e n t r a l  band i n   t h e   f i g u r e  w a s  
produced  by t h e   s i d u s o i d a l  ac power v o l t a g e   w h i l e   t h e   t r a n s i e n t  waveforms 
appear  above i t .  A s  ev iden t ,  none  of t hese  seem l i k e l y   t o   b e   i d e n t i c a l   i n  
amplitude  or  waveshape. 

D e s p i t e   d e t a i l   d i f f e r e n c e s   f r o m   a c t u a l   t r a n s i e n t s  i t  shou ld   be   su f f i c i en t  
fo r   s imu la t ion   pu rposes   t o   de f ine   s t anda rd  waves t h a t  are s u i t a b l e   f o r   p r o o f  
t e s t i n g  of equi'pment. A waveform  can  be  chosen  that i s  r e p r e s e n t a t i v e  of 
those   typ ica l ly   observed .   Also ,  a peak  amplitude  can  be  chosen  that   generally 
w i l l  not  be  exceeded.  Indeed,  this is the   p rocedure   tha t  was used  to   adopt  
t he  test waves  and amplitudes  of  the IEEE 587.1  Guide ( r e fe rence  2). The 
o s c i l l a t o r y   o p e n - c i r c u i t   v o l t a g e  waveform of   Figure 2 is  deemed t o   r e p r e s e n t  
t rans ien ts   observed  on long   b ranch   c i r cu i t s   i n   t he   i ndoor   env i ronmen t ,  and is 
recommended fo r   u se   i n   des ign ing   su rge -p ro tec t ive   sys t ems .  

For l o c a t i o n s  a t  o r   nea r   t he  ac se rv ice   l oad   cen te r   t he   add i t iona l  
waveform l i k e   F i g u r e  3 is recommended. This is t h e   f a m i l i a r  8x2OuS impulse 
cu r ren t  waveform t r a d i t i o n a l l y   u s e d   f o r   t e s t i n g   s t a t i o n - c l a s s  and secondary 
a r r e s t o r s   l o c a t e d  i n  the  outdoor  environment.  The choice   o f   th i s   cur ren t  wave 
f o r   t h e  IEEE loca t ion   ca tegory  B der ives   f rom  s imula ted   l igh tn ing  tests and 
from f i e ld   expe r i ence   w i th   su rge -p ro tec t ive   dev ices .  When s u b j e c t e d   t o  a 
cu r ren t  waveform  of t h i s   s h a p e   t h e   v o l t a g e  waveform response of a t y p i c a l  
suppressor  is as shown in   t he   o sc i l l og ram  o f   F igu re  4 .  Note t h a t   t h e  
vo l t age  rises toward crest va lue  much more r ap id ly   t han   t he   cu r ren t  and t h a t  
the  impulse  duration  (decay time t o   1 / 2   o f  crest va lue)  is longe r   fo r   vo l t age  
than   fo r   cu r ren t .  The test wave of  Figure 2 a l s o  is recommended  by the  IEEE 
fo r   l oca t ion   ca t egory  B but   due  to  a lower  peak  current and s h o r t e r   e f f e c t i v e  
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i m p u l s e   d u r a t i o n  i t  d e p o s i t s  much less e n e r g y   i n   t h e   s u p p r e s s o r .  The test 
wave o f   F i g u r e  3 t h e r e f o r e  is more severe w i t h   r e s p e c t   t o   t h e   s i z e   o f  
s u p p r e s s o r   t h a t  is r e q u i r e d   t o   w i t h s t a n d  i t .  

Another   popular  test wave i s  the   cu r ren t   impu l se   o f   d imens iona l   shape  
10xlOOOpS. T h i s  wave is  c o n s i d e r e d   r e p r e s e n t a t i v e   o f   l i g h t n i n g   r e m n a n t s ;  i . e . ,  
a c o m p o s i t e   o f   i n d i v i d u a l   s t r o k e s   w i t h i n  a l i g h t n i n c   f l a s h   w h e r e   t h e  wave h a s  
b e e n   s m o o t h e d   a n d   s t r e t c h e d   b y   e f f e c t   o f   l i g h t n i n g   a r r e s t o r s   u p s t r e a m   i n   t h e  
t r a n s i e n t   p r o p a g a t i o n   p a t h .   S u c h  a wave a l so  m i g h t   b e   r e p r e s e n t a t i v e  of t h e  
d i s c h a r g e   o f   e n e r g y   s t o r e d   i n   i n d u c t a n c e s   s u c h  as t r a n s f o r m e r s   a n d   r e l a y   c o i l s .  
Because   o f   t he i r   l ong- s t and ing   popu la r i ty   t he  8x2011s and 11)xlOOOpS c u r r e n t  
waves both   have   been   adopted  as s t a n d a r d  test waves i n  IEEE tes t  s p e c i f i c a t i c n  
fo r   gas   t ube ,   me ta l -ox ide -va r i s to r ,   and   ava lanche   d iode   suppres so r s .  S e e  
r e f e r e n c e s  3 ,  4 ,  and 5. However, many o t h e r  test waves are i n   u s e   w h i c h   a r e  
cons ide red   r ep res , en ta t ive   o f   spec i f i c   env i ronmen t s ,   o r   wh ich   have   been   adop ted  
t o   s a t i s f y   s p e c i f i c   p r o o f - t e s t i n g   o b j e c t i v e s .  

A c o m p l e t e   d e s c r i p t i o n   o f   t h e   e x p e c t e d   t r a n s i e n t s   a l s o   m u s t   i n c l u d e   t h e  
f r equency   o f   t he i r   occu r rence .   In   t he  case o f   l i gh tn ing   and  i t s  related 
s w i t c h i n g   d i s t u r b a n c e s   t h e   f r e q u e n c y  w i l l  va ry   w ide ly   w i th   geograph ic   l oca t ion .  
The p r o b a b l e   o c c u r r e n c e   o f   t r a n s i e n t s  of a g i v e n   l e v e l   o f   s e v e r i t y   a l s o  will 
v a r y   w i t h   t h e   e x p o s u r e  of the  incoming e l e c t r i c a l  service t o   l i p h t n i n g   s t r i k e s .  
A b u i l d i n g   f e d  by long   overhead   l ines   has   an   ex t reme  exposure   compared   to   one  
t h a t  i s  fed   by   an   underground  d i s t r ibu t ion   sys tem.   Data   on   expec ted  rates of 
occurrence  are p r e s e n t e d  i n  IEEE 587.1.   Other   kinds  of   environments   or   those 
wh ich   combine   t he   e f f ec t s  of i n t e r n a l l y   a n d   e x t e r n a l l y   g e n e r a t e d   t r a n s i e n t s  
m u s t   e s t a b l i s h   t h e i r  own t rans ien t   waveforms,   ampl i tudes ,   and  rates of 
occurrence .  I t  s h o u l d   b e   r e c o g n i z e d   t h a t   a n   e x c e s s i v e   m a r g i n   i n   t h e   s p e c i -  
f i c a t i o n   o v e r   a n d   a b o v e   t h e   a c t u a l   n e e d  may add l i t t l e  t o   r e l i a b i l i t y   w h i l e  
l e a d i n g   t o  a cumbersome d e s i g n   w i t h   e x c e s s i v e   c o s t .  

I n   t h e   f i n a l   s p e c i f i c a t i o n  of t h e   s u r g e   s i m u l a t i o n  a l l  t h e   e s s e n t i a l  
parameters   o f   the   surge   mus t   be   inc luded .   This  i s  i l l u s t r a t e d  by F i g u r e  5 .  
The  open c i r c u i t   t r a n s i e n t   v o l t a g e  V ~ I  of F i g u r e   5 a )   d e t e r m i n e s   t h e   d i e l e c t r i c  
stress t h a t  w i l l  b e   a p p l i e d   t o   a n   u n p r o t e c t e d   e q u i p m e n t .  By a d d i t i o n  of a 
s u p p r e s s o r  as i n   F i g u r e   5 b )   t h e   t r a n s i e n t  i s  s u p p r e s s e d   t o  a p r o t e c t i v e  
v o l t a g e  level  w i t h i n   t h e   d e s i g n   w i t h s t a n d   c a p a b i l i t y .   H o w e v e r ,   t h e   s u p p r e s s o r  
is t h e r e b y   s u b j e c t e d   t o  a c u r r e n t  stress. T h i s   c u r r e n t  w i l l  b e   l i m i t e d   b y   t h e  
impedances i n   t h e   t r a n s i e n t   s o u r c e   a n d   w i r i n g .   I f  VnI a l o n e  i s  s p e c i f i e d  
w i t h o u t  a v a l u e   f o r   s o u r c e   i m p e d a n c e ,   o r   w i t h o u t   s p e c i f y i n p ,   t r a n s i e n t   p e a k  
c u r r e n t ,   t h e   s u p p r e s s o r   s e l e c t i o n   p r o b l e m  i s  l e f t   w i t h o u t   s u f f i c i e n t   i n f o r -  
m a t i o n   t o   s o l v e  i t .  A l s o ,   s i n c e   t h e   a b i l i t y  of a s u p p r e s s o r   t o   w i t h s t a n d   t h e  
c u r r e n t   i m p u l s e   d e p e n d s   o n   t h e   d u r a t i o n   o f   t h e   i m p u l s e ,   t h i s   p a r a m e t e r  too 
m u s t   b e   s p e c i f i e d   a n d   c o n t r o l l e d   i n   t e s t i n g .  
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CWRACTERISTICS OF  SUPPRESSORS 

The suppres so r   eva lua t ion   and   app l i ca t ion   p rocess   su f f e r s   f rom a nea r  
embarrassment  of  r iches i n  the   va r i e ty   o f   dev ices   ava i l ab le .   These   ope ra t e  on 
s e v e r a l   d i f f e r e n t   p h y s i c a l   p r i n c i p l e s   b u t   t h e i r   t e r m i n a l   b e h a v i o r   c a n   b e  
regarded as f a l l i n g   i n t o  two d i s t i n c t  classes. By d e f i n i t i o n ,   d e v i c e s   i n   t h e  
v a r i a b l e - r e s i s t a n c e   ( v a r i s t o r )  class e x h i b i t  a t e r m i n a l   v o l t a g e   t h a t   i n c r e a s e s  
non l inea r ly  and  monotDnically  with  current  over a wide  range.  Devices 
ope ra t ing  on t h e   r e v e r s e   j u n c t i o n  breakdown p r i n c i p l e   s u c h  as s i l i c o n   a v a l a n c h e  
d i o d e s   f a l l   i n t o   t h i s   c a t e g o r y   a l o n g   w i t h   m e t a l - o x i d e - v a r i s t o r s .  The pro- 
t e c t i v e   v o l t a g e  level of  a l l  such  devices  can  be  approximated as a func t ion  
of c u r r e n t  by a two-term  equation.  (See  reference 6 ) .  The parameters   o f   th i s  
equat ion  may vary  somewhat wi th   device   t echnology  and   s ize   bu t   the  model i s  t h e  
same . 

The second class of devices   exhib i t   what  may be   ca l l ed   d i scha rge   t ype  
behavior .   This  class inc ludes   no t   on ly   gas   d i scharge   tubes   and  a i r  gap 
s p a r k o v e r   d e v i c e s   b u t   a l s o   c e r t a i n   s o l i d - s t a t e   c i r c u i t s   w i t h  "crowbar" a c t i o n .  
These  devices are t y p i f i e d  by a V - I  c u r v e   t h a t   i n c l u d e s  a r eg ion   i n   wh ich  
v o l t a g e   d r o p s   s h a r p l y   a f t e r  a threshold   va lue  is  exceeded.  Consequently, 
t h e s e   d e v i c e s   a l s o   t e n d   t o  draw  follow-current  from  the power s o u r c e   a f t e r   t h e  
surge   has   passed .   Except   for   sys tems  in   which   the   fa l low-curren t  i s  s u f f i c i e n t -  
l y   l i m i t e d   i n   a m p l i t u d e   a n d   d u r a t i o n  a f i x e d   o r   v a r i a b l e   r e s i s t a n c e   e l e m e n t  
then  is u s u a l l y  employed i n  series. 

The response   o f   vo l tage   and   cur ren t   versus  time f o r  a t y p i c a l   v a r i s t o r  
dev ice   sub jec t ed   t o   an   8x20~1s   cu r ren t   s t imu lus  w a s  shown i n   F i g u r e  4 .  The 
response  of   the  "crowbar"   c i rcui t   device  of   Figure 6 is  shown by t h e  
osc i l logram of F igure  7.  A comparison  of  the  Figures 4 and 7 c l e a r l y  shows 
t h e   d i f f e r e n c e   i n   v o l t a g e   b e h a v i o r .  However, a l though   t he   vo l t age  of t h e  
d i scha rge   behav io r   dev ice   d rops   t o  a low l e v e l   t h e   p r o t e c t i v e   l e v e l   s e e n  by 
the  equipment is the   peak   vo l t age  a t  which  breakover   occurs .   In  tnese examples 
t h e   o b s e r v e d   p r o t e c t i v e   l e v e l s  are roughly   the  same; i .e . ,  somewhat over  300V. 
Note a l s o   t h a t   t h e   c u r r e n t  waveforms are n o t  a f u n c t i o n  of t h e  class of 
suppressor .   Therefore ,   devices   which may seem incomparable   due  to   differences 
i n   v o l t a g e   b e h a v i o r  may b e   a p t l y  compared when current   ampli tude  and  impulse 
d u r a t i o n  are used as t h e   b a s i s .  

One a spec t   i n   wh ich   nea r ly  a l l  suppressors  seem incomparable i s  t h a t   o f  
their   terminology.   Although  var ious IEEE and JEDEC s t a n d a r d s   p l u s   t h e  
prac t ices   o f   indus t ry   have   b rought   about  a cons iderable   degree  of  un i formi ty  
i n   t h e  terms used  within a dev ice   f ami ly   t he   d i f f e ren t   t echno log ie s   t end   t o  
u s e   d i f f e r e n t  terms t o   d e s c r i b e   t h e  same test parameters .  The  comparative 
glossary  of   Table  I is o f f e r e d  as a g u i d e   t o  relate some of   the   device  terms 
most f requent ly   used   to   the   sys tem  des igners '   t e rminology.  
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OPERATING  POINT DETERMINATION 

The de termina t ion   of   the   suppressor   opera t ing   po in t   has  two p r i n c i p a l  
o b j e c t i v e s :   a )   t o   f i n d   t h e   p r o t e c t i v e   l e v e l   p r o v i d e d  by t h e   s u p p r e s s o r ,   b )   t o  
f ind   t he   peak   cu r ren t   o f   t he   pu l se   t ha t   pas ses   t h rough   t he   suppres so r .   Th i s  
process  i s  r e l a t i v e l y   e a s y   f o r   d e v i c e s   o f   t h e   d i s c h a r g e   t y p e .  Assuming t h a t  
t he   vo l t age   r a t e -o f - r i s e  is f i x e d  a gas  tube w i l l  f i r e  a t  approximately  the 
same vol tage   regard less   o f   the   peak   va lue   o f   the   cur ren t   pu lse .  The breakover  
vol tage   o f  a s o l i d - s t a t e   c i r c u i t   a l s o  i s  e s s e n t i a l l y   u n a f f e c t e d  by  peak  current 
The p r o t e c t i v e  level then   can   be   found  f rom  des ign   da ta   shee t   va lues .   Also ,  
s ince   bo th   devices   have  a r e l a t i v e l y  low vol tage  drop when i n   t h e   c o n d u c t i n g  
s ta te  the   peak   pu l se   cu r ren t  is  approximately  the same as a s h o r t - c i r c u i t  
va lue .   This  is e a s i l y  computed  from test c i r c u i t   p a r a m e t e r   v a l u e s  VTH and Rm 
of F igure  5A. Of c o u r s e ,   t h i s   s i m p l e   a n a l y s i s   a s s u m e s   t h a t  a series follow- 
c u r r e n t   l i m i t i n g   r e s i s t a n c e  is not  used. 

I n   t h e   c a s e   o f   v a r i a b l e - r e s i s t a n c e   t y p e   d e v i c e s   t h e   d e t e r m i n a t i o n   o f  
ope ra t ing   po in t   va lues  i s  n o t   t h e  same t r i v i a l   p rocedure .   Recause   t he   dev ice  
clamping  vol tage  increases   monotonical ly   with  current   the   values  must be  found 
by a s imul taneous   equat ions   so lu t ion   procedure .   Wri t ing   the   equat ion   for   the  
sum o f   v o l t a g e s   i n   F i g u r e  5 , and t h e   b e h a v i o r a l   e q u a t i o n   f o r   t h e   s u p p r e s s o r  
( f rom  reference 6 )  g ives   r e spec t ive ly :  

vC 

where : 

vC 

% 
I 
K 

B 

RS 

is the   suppressor   c lamping   vo l tage  

i s  the   Theven in   equ iva len t   peak   vo l t age   o f   t he   t r ans i en t  

is the  Thevenin  equivalent   source  impedance  of   the  t ransient  

is the   peak   surge   cur ren t  

i s  a suppressor   cons tan t  similar to   nomina l   b reakdown  o r   va r i s to r   vo l t age  

is  t h e   c h a r a c t e r i s t i c   o f   s u p p r e s s o r   n o n l i n e a r i t y ,  O<B < 1 

is t h e   s u p p r e s s o r   i n t e r n a l  series b u l k   r e s i s t a n c e .  

( I t   s h o u l d   b e   n o t e d   t h a t   t h e  model  of  equation (2) assumes   tha t  reactive 
e l e m e n t s   o f   t h e   d e v i c e   o r   a p p l i c a t i o n   c i r c u i t  are n o t   s i g n i f i c a n t .   I n  
p rac t i ce ,   uncon t ro l l ed   l ead   i nduc tance  may g r e a t l y   a f f e c t   c l a m p i n g  
v o l t a g e   r e s u l t s  see r e f e r e n c e  7 ,  pages 84-85,  and r e fe rence  8.) 



A g e n e r a l   s o l u t i o n   t h i s   s y s t e m   o f   e q u a t i o n s  is faced   w i th  two p r a c t i c a l  
p rob lems .   F i r s t ,  limit va lues   fo r   dev ice   pa rame te r s  B ,  RS may not  be  given  on 
manufac tu re r ' s   da t a   shee t s .   Second ly ,   even   i f   ava i l ab le   t he   equa t ions  are n o t  
d i r e c t l y   s o l v a b l e  by s i m p l e   a n a l y t i c a l  means s ince   t hey  are n o t  homogeneous  of 
degree  one.  However, two other   procedures   can  be  used  to   f ind  solut ions  which 
are sa t i s fac tory   for   engineer ing   purposes   wi thout   resor t   to   computer   p rograms.  

An approximate   so lu t ion   can   be   ca lcu la ted  by n o t i n g   t h a t   t h e  power l a w  
term K I B  approaches  the  numerical   value  of   the  constant  K as t h e   v a l u e  of 
parameter B approaches  zero.   That is ,  the   dev ice  is t r e a t e d  as i d e a l l y  non- 
l i n e a r   a n d   c o n s t a n t   i n   v o l t a g e   e x c e p t   f o r   t h e   d r o p   a c r o s s   i n t e r n a l   r e s i s t a n c e  
RS. This  is a reasonable   assumpt ion   for   mos t   ava lanche   d iodes   espec ia l ly  if 
the   expec ted   opera t ing   po in t  i s  only   incrementa l ly   d i f fe ren t   f rom a s p e c i f i e d  
test po in t .  The procedure is i l l u s t r a t e d  by the  fol lowing  example.  

Cons ider   the  case of a JEDEC type  1N5665 diode.  This  device  of 200V 
nominal  breakdown  voltage i s  s p e c i f i e d   t o   h a v e  a maximum vo l t aae   o f  287V a t  
5.2A ( r e fe rence  9 ) .  a v a i l a b l e   d a t a   s h e e t s  do no t   i nc lude  a l i m i t  v a l u e   f o r  Rs, 
but  from  measurements of r e fe rence  6 i t  a p p e a r s   t h a t  a va lue  on the   o rder   o f  
1 .2  ohms would be   reasonable   for   purposes  of i l l u s t r a t i o n .   T h i s  number f i r s t  
can  be  used  to  impute a v a l u e   f o r   t h e  K I B  term s o  t h a t   e q u a t i o n s  (1) and ( 2 )  
can  be  solved  s imultaneously.  By r ea r r angemen t   and   subs t i t u t ion   i n to  ( 2 ) :  
KIB = Vc - R S I  = 287 - 1.2(5.2) = 281 V 

For t h i s  example  assume t h a t   t h e  t es t  uses   the  100KHz wave of I E E E  category A 
where VTH = 6000V a n d   e f f e c t i v e  Rm = 30 ohms. Using  equat ions (1) and  (2) 
t h e   s o l u t i o n   f o r  I and Vc a t  the   peak   opera t ing  point gives :  

V m  - %I = K I  + R S I  B 

6000 - 301 = 281 + 1 . 2 1  

I = 183A 

By s u b s t i t u t i o n   i n  (2) 

Vc = 281 + 1.2(183) = 501V, maximum 

The second   p rocedure   fo r   ope ra t ing   po in t   so lu t ion   r equ i r e s  no a p r i o r i  
knowledge  of a behav io ra l  model o r  i ts  parameter values. I n s t e a d ,   t h e  maximum 
clamping  voltage  curves  which are provided on t h e   d a t a   s h e e t s   o f  many  manu- 
f a c t u r e r s  are u t i l i z e d   t o   o b t a i n   f a s t   a n d   a c c u r a t e   a n s w e r s .   T h i s  is  shown i n  
f i g u r e  5B which i l l u s t r a t e s   t h e  maximum clamping  vol tage  curve of a t y p i c a l  
metal-oxide-var is tor .  The s o l u t i o n   f o r  I and Vc a t  the   peak   opera t ing   po in t  i s  
obta ined  by a g r a p h i c a l   a n a l y s i s .  A l o a d   l i n e   r e p r e s e n t i n g   e q u a t i o n  (1) is 
drawn  on the   g raph   where   t he   va r i s to r  maximum V-I c h a r a c t e r i s t i c   c u r v e  re- 
p resen t s   equa t ion  ( 2 ) .  The i n t e r s e c t i o n   o f   t h e  load l i n e   w i t h   t h e  v-I curve 
g ives   t he   so lu t ion .  Note t h a t   t h e   l o a d   l i n e  is a c u r v e ,   r a t h e r   t h a n   s t r a i p , h t ,  
when the  graph  has   log-log  coordinates .  
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A s  a c o n c r e t e  example c o n s i d e r   t h e  case of a commercial   type  metal-oxide- 
v a r i s t o r ,  V130LAlOA o r   e q u i v a l e n t .   R e f e r e n c e  7 ,  page 118, shows t h e  maximum 
V-I  c h a r a c t e r i s t i c   g r a p h   f o r   t h i s   t y p e .   S u p p o s e   t h a t  a l o a d   l i n e  is  drawn 
r e p r e s e n t i n g  IEEE 587 .1   ca t egory  B where   the   parameters  of t h e   t r a n s i e n t  
g e n e r a t o r  are Vm = 6000V, Rm = 2.0 ohms. The o p e r a t i n g   p o i n t  values a t  t h e  
j u n c t i o n   o f   t h e   c l a m p i n g   c u r v e   a n d   l o a d   l i n e  w i l l  b e  Vc = 600 V maximum, 
I = 2700 A ,  as s e e n   b y   i n s p e c t i o n .  The va lue   o f  Vc = 481V a t  2800A measured 
on a d e v i c e   s p e c i m e n   ( s e e   r e f e r e n c e   6 )  is w e l l  w i t h i n   t h i s  maximum l i m i t .  

When t h e   o p e r a t i n g   p o i n t   h a s   b e e n   d e t e r m i n e d   t h e   d e s i g n e r   c a n   c o m p a r e   t h e  
p r e d i c t e d   v a l u e s   a g a i n s t   t h e   g o a l s  set. The c h e c k l i s t   s h o u l d   i n c l u d e   t h e  
fo l lowing:  

Does t h e   s u p p r e s s o r   s a t i s f y   t h e   d e s i r e d   p r o t e c t i o n   l e v e l ?  

Does t h e   p e a k   c u r r e n t   f a l l   w i t h i n   t h e   r a t e d   c a p a b i l i t y   o f   t h e   s u p p r e s s o r  
f o r   t h e   s p e c i f i e d   w a v e f o r m ?  

Does t h e   r a t e d   c a p a b i l i t y   e n c o m p a s s   i n c l u d e   t h e   e x p e c t e d  number  of 
s u r g e   o c c u r r e n c e s   o v e r   t h e   e q u i p m e n t   l i f e ?  

I f   t h e   g o a l s  are n o t   s a t i s f i e d   h a s   t h e   t r a d e - o f f   b e e n   e x p l o r e d   b e t w e e n  
suppres so r   capab i l i t y   and   equ ipmen t   des ign   w i ths t and  leve l?  

I f  a prac t ica l ,   economic   combina t ion   of   suppressor   and   equipment   p ro-  
t e c t i o n   n e e d  seems u n a t t a i n a b l e ,   d o e s   t h e   s u r g e   s p e c i f i c a t i o n   a c c u r a t e l y  
r e f l e c t   g e n u i n e   f i e l d   a p p l i c a t i o n   c o n d i t i o n s ?  

ENERGY DEPOSITION 

When the   peak   vo l tane   and   cur ren t   o f   the   suppressor   have   been   de te rminer !  .. 
i t  w i l l  b e   p o s s i b l e   t o   c a l c u l a t e   t h e   e n e r g y   d e p o s i t e d   i n  a v a r i a b l e - r e s i s t a n c e  
t y p e   s u p p r e s s o r .  By d e f i n i t i o n   t h i s   e n e r g y  i s  t h e   p r o d u c t   o f   i n s t a n t a n e o u s  
v o l t a g e   a n d   c u r r e n t   i n t e g r a t e d   o v e r  time. Hence i t  is  a f u n c t i o n  of waveshape 
and   impulse   dura t ion .  The i n t e g r a t i o n   p r o c e d u r e  i s  cumbersome t o   p e r f o r m   s i n c e  
t h e   i n t e g r a t i o n   f e a t u r e  i s  n o t   g e n e r a l l y   a v a i l a b l e   i n   t h e   s u r g e   E e n e r a t i o n  
e q u i p m e n t   i t s e l f .   T h e r e f o r e ,  some a p p r o x i m a t e   e s t i m a t i o n   p r o c e d u r e   a c c u r a t e  
enough f o r   e n g i n e e r i n g   p u r p o s e s  is d e s i r e d .  

Reasonably good estimates of   depos i ted   energy   can   be   ob ta ined   f rom  the  
r e l a t i o n :  

W = K V I Y  
C P  

where : 

W is t h e   e n e r g y   i n   j o u l e s  

K is a fo rm  f ac to r   un ique   t o   t he   waveshape  

y is t h e   c u r r e n t   i m p u l s e   d u r a t i o n   i n   s e c o n d s  as d e f i n e d   i n   F i g u r e  3 
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Vc, I are as de f ined   p rev ious ly  
P 

The b a s i s   f o r   e q u a t i o n  (3) is t h a t  Vc v a r i e s   v e r y  l i t t le f o r  a w i d e   v a r i a t i o n  
of I, e s p e c i a l l y   i f   t h e   e x p o n e n t i a l   c h a r a c t e r i s t i c   o f   n o n l i n e a r i t y ,  f3, has  a 
va lue   approaching   zero .   Values   be low  0 .1   o r   espec ia l ly   be low 0.04 provide a 
good approx ima t ion   t o   t he   i dea l .  Then Vc is regarded as a c o n s t a n t   i n   t h e  
c a l c u l a t i o n   w h i l e   t h e   f o r m   f a c t o r  K i s  assoc ia ted   wi th   the   cur ren t   waveshape .  

The f o r m   f a c t o r s   f o r  some frequent ly   encountered  waveshapes  have  been 
compiled  ( reference 7 ,  page  39)  and are reproduced i n   f i g u r e s  8 and 9. Form 
f a c t o r s   f o r   o t h e r  waves can  be  derived  from  composites  of  those shown. For 
example ,   t he   8x20~s   cu r ren t  wave of Figure 3 can  be  regarded as a qua r t e r - s ine  
wave  on the   f ron t   fo l lowed  by an   exponent ia l   decay .   Us ing   the   va lues  shown i n  
the   f igures   an   approximate   form  fac tor   cons tan t   for   the  8x20~s wave can  be 
computed as : 

K =  (.64/2)  (8) + 1.4(12) 
20 = .97 

I n   t h e  case of   gas   d i scharge   tubes   and   c rowbar   c i rcu i t s  i t  i s  obvious   tha t  
c a l c u l a t i o n  by equat ion(3)  is inapp l i cab le   because   o f   t he   l a rge   change   i n   vo l t -  
age   a f t e r   dev ice   t u rn -on .   Indeed ,   va r i ab le - r e s i s t ance   and   d i scha rge  class 
devices  are incomparable  on an energy  basis .   Furthermore,   energy  ra t ing.   can  be 
mis leading  as an   ind ica tor   o f   the   compara t ive  merit of d i f f e r e n t   v a r i s t o r   t y p e s .  
The energy  deposited  depends on t h e  V-I c h a r a c t e r i s t i c  of the   suppres so r ;   t he  
be t t e r   t he   suppres so r ,   t he   l ower   t he   c l amping   vo l t age ,   and   t he   l ower   t he   ene rgy  
g iven   the  same peak  current   and  waveshape.   Therefore ,   current   withstand  ra t ings 
are t h e   a p p r o p r i a t e   b a s i s   f o r   e v a l u a t i n g   t h e   w i t h s t a n d   c a p a b i l i t y   o f  a l l  types  
of   suppressors .  

CASCADE SUPPRESSION OF MOTOR VEHICLE LOAD DUMP TRANSIENTS 

The p reced ing   s ec t ions   have   d i scussed   t he   p r inc ip l e s  of a p p l i c a t i o n  for 
s i n g l e   s u p p r e s s o r s .   T h i s   s e c t i o n  w i l l  i l l u s t r a t e   t h e   p o t e n t i a l   f o r   i m p r o v i n g  
t h e   p r o t e c t i v e   l e v e l  by us ing   suppres so r s   i n   ca scade .  The example is t h a t  of 
p ro t ec t ion   aga ins t   t he   l oad  dump t r a n s i e n t   i n   m o t o r   v e h i c l e s .  

E l e c t r o n i c   c i r c u i t s   i n   m o t o r   v e h i c l e s  are s u b j e c t   t o  a number o f   e l e c t r i c a l  
t r a n s i e n t s   b u t   l o a d  dump is o f   t he   g rea t e s t  damage p o t e n t i a l   ( r e f e r e n c e   1 0 ,  
p.58).  The s o u r c e   o f   t h i s   t r a n s i e n t  may b e   i l l u s t r a t e d  by t h e   s i m p l i f i e d  
v e h i c l e  e lectr ical  c i r c u i t   o f   F i g u r e  10. N o r m a l l y ,   t h e   v e h i c l e   b a t t e r y   a c t s  as 
a n   e x c e l l e n t   s i n k   f o r  power l i n e   t r a n s i e n t s ,   b u t  i t  is s u b j e c t   t o   i n a d v e r t e n t  
d i sconnec t ion  as a r e su l t   o f   t e rmina l   co r ros ion   o r   o the r   causes .   Then ,  when a 
v e h i c l e  e lectr ical  load is  removed,  such as by t u r n i n g   o f f   t h e  rear window 
hea t ing   e lement ,  a s i g n i f i c a n t   t r a n s i e n t  is produced  on  the power l i n e .   T h i s  
occur s   du r ing   t he   i n t e r im   be tween   l oad   swi t ch -o f f   and   r e s to ra t ion   o f   no rma l  
vo l t age   r egu la t ion   and  i s  manifested as a p o s i t i v e - g o i n g   v o l t a g e   t r a n s i e n t .   I n  
the   wors t  case the   load  i s  i t s e l f  a bad ly   d i scha rged   ba t t e ry   d rawing  maximum 



a l te rna tor   amperage .  When t h e   c o n n e c t i o n   t o  i t  is  i n t e r r u p t e d  a vo l t age  
t r a n s i e n t   o f  80V peak   o r  more  can  be  produced. 

Attempts  have  been made t o  arrive a t  a n   i n d u s t r y   s t a n d a r d   f o r   e x p r e s s i n g  
the   shape  of the   t r ans i en t .   A l so ,   C i r cu i t s   have   been   dev i sed   fo r   s imu la t ing  
the   load  dump t r a n s i e n t  i n  bench test equipment   without   recourse  to  a v e h i c l e  
o r  i t s  a l t e rna to r   based   cha rg ing   sys t em.   ( r e fe rence  11, Fig  5 .2) .  Unfor- 
t u n a t e l y ,   t h i s   h a s   c h a r a c t e r i z e d   t h e   l o a d  dump t r a n s i e n t   i n  terms of peak 
v o l t a g e   a n d   d u r a t i o n   i n   t h e   u n s u p p r e s s e d   c o n d i t i o n   o n l y .   ( S e e   F i g u r e  11. I n  
any   even t ,   t ha t   s imu la to r  is today  considered by the   i ndus t ry   t o   be   i nadequa te  
i n   s e v e r i t y .  

Al though  th i s  earlier c i r c u i t   p r o v i d e d   a n   i n d i c a t i o n  of damage exposure 
f o r   u n p r o t e c t e d   e l e c t r o n i c s  i t  d i d n ' t   d i r e c t l y   g i v e  the c r u c i a l   i n f o r m a t i o n  
€or   suppressor   appl ica t ion .   Both   the   peak   cur ren t   and   cur ren t   impulse   dura-  
t i o n  must   be  accurately  s imulated.  Bench tests u s i n g   t y p i c a l   a l t e r n a t o r s   o f  
70-90A r a t e d   o u t p u t   s u g g e s t   t h a t   t h e   l o a d  dump t r a n s i e n t  may i n   f a c t   a p p r o a c h  
50A peak   cur ren t ,   have   an   e f fec t ive   impulse   dura t ion   of   about  33mS, and   depos i t  
about 90 jou le s   o f   ene rgy   i n  a commercial  type V24ZA50B metal-oxide-var is tor .  
It i s  n e c e s s a r y ,   t h e r e f o r e ,   t o   d e v i s e  a s i m u l a t o r   c i r c u i t   w i t h   a p p r o p r i a t e  
component v a l u e s   t o   s i m u l a t e   t h e s e  two condi t ions :   a )   the   open   c i rcu i t   peak  
v o l t a g e   t h a t   c a n  damage sensi t ive  components ,   and  b)   the  peak  current   and 
impu l se   du ra t ion   t ha t  w i l l  e v a l u a t e   t h e   p r o t e c t i v e   l e v e l  and  energy  withstand 
c a p a b i l i t i e s  of the   suppressor .  

The s i m p l i f i e d   e q u i v a l e n t   c i r c u i t   o f   F i g u r e   1 2  shows the   sugges ted  
s i m u l a t o r   c i r c u i t   a n d  i t s  component va lues .  When t h e   s t o r a g e   c a p a c i t o r  C l  is  
charged   to  94V a n  open c i r cu i t   peak   vo l t age   o f  85V is  produced a t  the   ou tpu t  
te rmina ls .  It  does   no t  matter t h a t   t h e  open c i r c u i t   v o l t a g e   d u r a t i o n  is  longer  
than  that   produced by an   unsuppressed   a l te rna tor   load  dump. \.hat does matter 
is  tha t   the   s imula tor   surges   suppressor   spec imens   wi th  a peak   cur ren t   va lue  
c o r r e s p o n d i n g   t o   t h e   a l t e r n a t o r   l o a d  dump, and  that: i t  has a current   impulse 
d u r a t i o n  which deposi ts   the   corresponding  energy.  

The ope ra t ing   po in t   va lues   o f   suppres so r s  WT1,  WT2 in   F igure   12   can   be  
found by g r a p h i c a l   a n a l y s i s .  I t  i s  f i r s t  assumed t h a t   t h e   p o p u l a t i o n   o f  
ava i l ab le   suppres so r s   can   be   so r t ed  by the   u se r  so t h a t   t h o s e   w i t h   s u p e r i o r  
clamping are separated.   Thus,   though  WT1 and  WT2 are of similar type W T 2  
has  a lower maximum V-I c h a r a c t e r i s t i c  as shown i n   F i g u r e   1 3 .  Note t h a t   t h i s  
V-I  g r aph   u ses   l i nea r   coo rd ina te s   €o r   s imp l i c i ty .  The c o n d i t i o n   f o r   e q u a l i t y  
i n   t h e   b r a n c h e s  of t h e   c i r c u i t   o f   F i g u r e  1 2  is  given by t h e   r e l a t i o n s  

'C1 'C2 i- 12RA 

I T  5 11+1 2 

w h e r e   t h e   i s o l a t i o n   r e s i s t o r   b e t w e e n  W T 1  and  WT2 is  des igna ted  by RA, 
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where a l l  terms are as p r e v i o u s l y   d e f i n e d ,   t h e   s u b s c r i p t s  1, 2 i n d i c a t e   t h e  
respec t ive   suppressor ,   and  IT i s  t h e   t o t a l   c u r r e n t .  The vol taRe sum V + 
I R is shown  on F igure  13 by t h e  heavy d a s h e d   l i n e ,   w h i l e   t h e   l o a d   l i n e  and 
suppres so r  maximum V-I c h a r a c t e r i s t i c s  are t h e   s o l i d   h e a v y   l i n e s   i n d i c a t e d .  
To f i n d   t h e   g r a p h i c a l   s o l u t i o n   t h e   l i g h t l y   d a s h e d   l i n e   o f   v o l t a g e  V must 
be  placed so  t h a t   e q u a t i o n s  ( 4 )  and (5) are s i m u l t a n e o u s l y   s a t i s f i e s ?  The 
values  found are v e r y   c l o s e   t o   t h o s e   o b s e r v e d   i n   F i g u r e s  1 4  and 15, where 
maximum limit suppressor  specimens were t e s t e d   i n   t h e   l o a d  dump c i r c u i t .  
Note tha t   c l amping   vo l t age  V = 38V is subs t an t i a l ly   improved   ove r   t he  46V 
t h a t  would occur   with a s i n g t e   s u p p r e s s o r   l i k e  VUT1. 

c2 
2 A  

2 

The energy   depos i ted   in   each   suppressor   can   be   es t imated  by equat ion  3 .  
I n  F igure  15 i t  i s  impor t an t   t o   obse rve   t ha t   t he   cu r ren t   impu l se   du ra t ion  of 
the  secondary  suppressor   has   been  "s t re tched" by t h e   n o n l i n e a r   e f f e c t s  of 
the   p r imary .   Therefore ,   the   shar ing   of   surge   energy  w i l l  b e   d i f f e r e n t   t h a n  
expected  f rom  the  peak  current   values   a lone.   Calculat ions  give  approximate 
ene rg ie s  of 

W1 = 1 . 4 ( 4 4 )   ( 3 0 )  ( . 0 3 )  = 55 J o u l e s  

W2 = 1 . 4 ( 3 8 ) ( 1 5 )  ( . 0 5 )  = 40 Jou le s  

CONCLUSIONS 

The s imula t ion  of t r a n s i e n t s  by su rge   gene ra to r s   w i th   app ropr i a t e ly  
chosen  open c i r cu i t   vo l t age ,   sou rce   impedance ,  and current  impulse  waveshape 
is a n   e f f e c t i v e   t o o l   i n   p r o t e c t i o n   d e s i g n .   S u p p r e s s o r   d e v i c e s   o f   v a r i o u s  
technology  types  can  be  evaluated by t h i s   p r o c e d u r e  a t  b o t h   t h e   a n a l y t i c a l  
and   labora tory   p roof   t es t ing  stages. However, i f   t h e   s u r g e  impedance i s  no t  
def ined ,   o r   impl ied  by a s h o r t - c i r c u i t   c u r r e n t   v a l u e ,   t h e r e  i s  i n s u f f i c i e n t  
i n fo rma t ion   t o   de t e rmine   e i the r   t he   p ro t ec t ive   l eve l   p rov ided  by  a suppressor  
o r  i t s  a b i l i t y   t o   w i t h s t a n d   t h e   s u r g e .  

The use of two s u p p r e s s o r s   i n  a c a s c a d e   n e t w o r k   c a n   s i p i f i c a n t l y  improve 
t h e  p r o t e c t i v e   l e v e l   e v e n   i f   t h e   v a l u e   o f   t h e   i s o l a t i n g   i m p e d a n c e  i s  r e l a -  
t i v e l y  small. However, the   energy   depos i ted   in   the   secondary   suppressor  w i l l  
be   greater   than  expected  due  to  t h e  pu l se   " s t r e t ch ing"   e f f ec t   o f   t he   p r imarv .  
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TABLE I A COMPARATIVE GLOSSARY OF SUPPRESSION TERMS 6 

Design Tests 1 Variable  Resistance  Devices  Discharge  Behavior  Devices 

Metal-Oxide- 
Avalanche  Diode2  Varistor3 Gas Tube 4 Sol id-s ta te  Crowbar 

5 

t es t  vol tage  breakdown v o l t a g e   v a r i s t o r   v o l t a c e   d c  breakdown vol tage   re fe rence   vo l tage  

protect ive  level   c lamping  vol tage  c lamping  vol tage  impulse breakdown breakover  voltage 
vol tage  

ra ted   vo l tage   s tandoff   vo l tage   ra ted   vo l tage   ho ldover   vo l tape  repetitive peak 
o f f - s t a t e   vo l t age  

wi ths tand   cur ren t   peak   pu lse   cur ren t   peak   s ing le   pu lse   s ing le   impulse  non r e p e t i t i v e   p e a k  
' t r ans i en t   cu r ren t   d i scha rge   cu r ren t   on - s t a t e   cu r ren t  

withstand  energy  peak  pulse  power* s i n g l e   p u l s e  NA 
t rans ien t   energy  

* nea res t   equ iva len t  NA - no app l i cab le  term 

NOTES: 1. Defined i n  IEEE Std 100-1977 (see  reference  12)  

2 .  Defined as per  IEEE Std 465.1-1977 (see reference  3) 

3. Defined as per  IEEE d r a f t  P465.3/D6 (see reference  4) 

4. Defined as per  IEEE d r a f t  465.4/D2 (see  reference  5)  

5. Defined as p e r  JEDEC pub l i ca t ion  No. 77B,  January,  1978 

NA 

6.  Device  data  presented  under  these terms may not  be  comparable due t o   d i f f e r e n c e s  
i n   t h e  s t r ic t  d e f i n i t i o n s  and tes t  methods. 
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Figure  1.- Oscilloscope recording of a household power l i n e  (24  hours) .  



T = 10 p S ( f  100 kHz) 
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F igure 2.- 100 kHz r i n g  wave (open-c i r cu i t   vo l t age ) .  

SOURCE:  ANSI 
STD. C62.1-1975 
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OF PEAK  VALUE 

V I R T U ~ L  START OF WAVE 

IMPULSE  DURATION 

VIRTUAL  FRONT  DURATION = 1.25X RISE TIME  FROM 10 TO 90% 

Figure  3. -  Peak c u r r e n t  test impulse wave. 8 ps f r o n t   d u r a t i o n  x 20 ps 
( impulse   dura t ion)   except  as noted. 
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8 X 20 TEST WAVE, lp-50A1 Vc-315V 

Figure 4.- Test response of typical varistor. 
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(a) Equivalent circuit of suppressed surge. 
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CHARACTERISTIC 

L c 

LOG VARISTOR CURRENT - AMPERES 

(b) Graphical analysis to determine peak V,I. 

Figure 5.- Two steps for evaluating protection requirements. 

31 8 



Figure  6.- Crowbar f u n c t i o n a l  circuit .  
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Figure 7.- Test response of crowbar. 
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Figure 8 . -  Form factor  constants of simple waves. 
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Figure 9.- Form factor  constants of decaying waves. 
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Figure 10.- Simplified  electrical  circuit  of  motorcar. 
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Figure 11.- Load dump transient (unsuppressed) f r m  SAE proposed procedures. 
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Figure 12.- 85V load dump test circuit. 
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Figure 13.- Graphical analysis to find V,I. 
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Figure 14.-  Response of central  suppressor. 
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CONDUCTIVE SURGE TESTING 

OF CIRCUITS AND SYSTEMS 

P e t e r  Richman 
KeyTek I n s t r u m e n t  Corp. 

SUMMARY 

Techniques  are g i v e n  for c o n d u c t i v e   s u r g e   t e s t i n g  of 
powered   e l ec t ron ic   equ ipmen t .  D e a l t  w i t h  f i r s t  are t h e  cor- 
rect  d e f i n i t i o n s  of common and  normal mode. 

T e s t i n g   r e q u i r e s   n o t   o n l y   s p i k e - s u r g e   g e n e r a t o r s   w i t h  a 
s u i t a b l e   r a n g e  of o p e n - c i r c u i t   v o l t a g e   a n d   s h o r t - c i r c u i t   c u r r e n t  
w a v e s h a p e s ,   b u t   a l s o   a p p r o p r i a t e   m e a n s  -- t e r m e d   c o u p l e r s  -- for 
c o n n e c t i n g  t es t  s u r g e s   t o   t h e   e q u i p m e n t   u n d e r  t es t .  Key  among 
c o u p l e r   d e s i g n   c o n s i d e r a t i o n s  i s  m i n i m i z a t i o n  of " f a i l  p o s i t i v e s "  
r e s u l t i n g   f r o m   r e d u c t i o n  i n  d e l i v e r e d   s u r g e   e n e r g y  d u e  t o  t h e  
c o u p l e r .  

A l s o  i n c l u d e d  i s  some m e n t i o n   o f   b a c k - f i l t e r s   a n d   t h e   l i n e s  
on   which   they  are n e c e s s a r y ;   p l u s   g r o u n d - f a u l t   a n d   g r o u n d   p o t e n -  
t i a l  r ise  c o n s i d e r a t i o n s ,  as  w e l l  as a method f o r   m o n i t o r i n g  de- 
l i v e r e d  and  r e s u l t i n g   s u r g e   w a v e s .  

INTRODUCTION 

Years of e f f o r t  by a number o f   o r g a n i z a t i o n s   h a v e   r e s u l t e d  
i n   s e v e r a l   g e n e r a l l y - a c c e p t e d ,   s t a n d a r d   s p i k e - s u r g e  t e s t  waves. 
D i f f e ren t   waves   have   been  specified for s e v e r a l  of the m o s t  i m -  
p o r t a n t   a p p l i c a t i o n  areas. These i n c l u d e   w a v e s   f o r   s i m u l a t i n g  
t y p i c a l  ac  power l i n e  s p i k e   t r a n s i e n t s   ( r e f s .  1 and 2 ) ,  and for 
t e s t i n g   t e l e c o m m u n i c a t i o n s   l i n e s   a n d  protectors both i n  the U.S. 
(refs. 3 and 4 )  a n d   i n t e r n a t i o n a l l y  (ref.  5 ) .  W h i l e   s p e c i a l i z e d  
areas may r e q u i r e   v a r i a t i o n s   i n  these waves or e v e n   t o t a l l y  d i f -  
f e r e n t   o n e s  (refs.  6 and 7 ) ,  the mainstream -- most e l e c t r o n i c  
equipment  -- c a n   g e n e r a l l y  be addressed   by   one  or more of the new 
s t a n d a r d s .  

Some of t h e  newer  waves (refs. 1 and 7 )  are d e s i g n e d  t o  tes t  
n o t   j u s t  for s u s c e p t i b i l i t y   ( u p s e t  or m a l f u n c t i o n ) ,   b u t  a l so  f o r  
v u l n e r a b i l i t y   ( d a m a g e )  . For this r e a s o n   t h e y  are r e l a t i v e l y   l o n g  
impu l ses ,   imp ly ing  the need for c o u p l i n g   a n d   f i l t e r i n g   e f f e c t i v e -  
n e s s  a t  l e v e l s  w e l l  beyond w h a t  has b e e n   n e c e s s a r y  heretofore. 

327 



SYMBOLS 

C capacitor  (used  for wave coupl ing) ,  uF 

e (t) general   expression  for  a t ime-va r i an t   vo l t age ,   vo l t s  

e IN( t )  i n p u t   s i g n a l ,   v o l t s  

e (t) o u t p u t   s i g n a l ,   v o l t s  

E peak  of  surge  wave,  volts 
OUT 

i (t) general   expression  for  a t ime-variant  current,   amperes 

1 (SI Laplace  transform  of i ( t)  

L inductance,   Henries 

Q qua l i t y   o f  a resonant  circuit ,   non-dimensional 

R l oad   r e s i s t ance ,  ohms 

t t i m e ,  independent   var iable ,   secs  

ta t i m e  of f i r s t   z e ro -ax i s   c ros s ing   o f  a capacitor-coupled 
impulse  wave,  secs 

tx time of   in te rsec t ion   of  a wave with a f ixed  vol tage 
l e v e l  V, secs  

t.5 I N  t i m e  for  decay t o  50% of  peak  for a network  input 
impulse, secs 

t .5 OUT t i m e  fo r   decay   to  50% of  peak for a network  input 
impulse,   secs 

S the  Laplace  operator 

T exponential  decay wave t ime-constant,  secs 

V fixed  clamping  voltage,   volts 

wo e n e r g y ,   t o t a l   d e l i v e r a b l e  by a surge  wave t o  a load 
r e s i s t a n c e  R ,  j ou le s  

W ene rgy ,   t o t a l   ac tua l ly   de l ive red  by a c i r c u i t   t o  a 
load r e s i s t a n c e  R ,  j ou le s  
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energy, t o t a l   a c t u a l l y  de l ivered  by t h e  p o s i t i v e  
por t ion  of a wave t o  a l o a d   r e s i s t o r  R ,  j ou le s  

energy, t o t a l   a c t u a l l y  de l ivered  by t h e  negat ive 
por t ion  of a wave t o  a l oad   r e s i s to r  R ,  j ou le s  

COMMON AND NORMAL MODES 

Except i n  the   un l ike ly   event   tha t   g round i s  used  as a 
r e t u r n  path,  equipment  inputs  and  outputs  are  usually  ungrounded 
two-terminal-ports.  Elsewhere i n  the  system,  one l i n e  of each 
such  pair  may be  connected  to  ground. However, i n  view  of l i n e  
inductance,   for   spike  surges  it i s  s a f e s t   t o   t r e a t   t h i s   d i s t a n t  
ground  connection  as  the  high impedance it usua l ly  i s .  

Thus i n  most  surge t e s t  s i t u a t i o n s ,   a t   l e a s t  two essen- 
t i a l l y  ungrounded l i n e s  are   involved,   with  the  one  that  may 
be  connected  via l i n e  impedance t o  a remote  ground  referred  to 
as  "low". I n  add i t ion ,   t he re   ex i s t s   t he   l oca l   g round ,  con- 
nec ted   v ia  some other  l i n e  or  conduit  impedance t o  a perhaps 
different   but   equal ly   remote  ground.  The s i t u a t i o n  is  shown, 
highly-s implif ied,  i n  f i g u r e  1. 

One of  the  major  sources of upset  or damage due t o   s u r g e  
i s  the  c i rcui t   involving  equipment   local   ground,   or  common, 
and  one or   both  of   the  input  l i n e s .  Surge  currents  seeking 
ea r th   can   u sua l ly   pas s   w i th   l ea s t   r e s i s t ance  and  inductance 
v ia   the   g round;   thereby   caus ing   s ign i f icant   g round  po ten t ia l  
r i s e .  The e f f e c t  can  produce  extreme  potentials  between  local 
ground -- or common -- and e i ther   o r   bo th  l i n e s  o f   t he   pa i r .  
This i s  i n  f a c t   t h e   o r i g i n a l ,  and now o n l y   t h e   a l t e r n a t i v e ,  
d e f i n i t i o n   ( r e f .  8) of "common-mode"; i .e . ,  s igna l s   app l i ed   no t  
t o   b o t h   s i d e s  of t he   i npu t   pa i r  common, b u t  r a t h e r  from  any 
one  or more l e a d s   t o  common, or  ground. - 

The r eason   fo r   s t r e s s ing   t h i s   co r rec t   de f in i t i on   o f  common 
mode, i s  tha t   exper ience   has  shown t h a t   t h e   t e r m i n a l   p a i r   a t  
which  surges  can  be  most  damaging i s  of ten  the  one composed 
of input  or  output  low,  and  ground.  This i s  one of t h e   t h r e e  
common modes for  a typical   " two-terminal-port" .  The remaining 
ones  are from high  to  ground  (or common), and f i n a l l y  from high 
and low simultaneously -- perhaps   l ess  ambiguous  usage  than " i n  
common" -- t o  ground. 
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SURGE TEST WAVES: 
IMPULSIVE AND OSCILLATORY 

Figure 2 shows an   o sc i l l a to ry  wave and f i g u r e  3 an  impulse, 
i n  each case accompanied  by  conventional  definit ions  (refs.  1 
and 1 2 ) .  

Osc i l l a to ry   su rge  waves,   with  effective Q's ranging from 
2 or 3 t o  2 0  or 30, are   of ten  found i n  measurements i n  a c t u a l  
equipment. Some tes t  waves a r e   t h e r e f o r e   s p e c i f i e d   a s   o s c i l -  
l a t o r y   ( r e f s .  1, 2 and 6 ) .  However, impulse  waves  have  also 
been  measured (refs.  9 and 10)  and generally  can  convey  higher 
energy  content  per  surge.  I n  a d d i t i o n ,  i n  view  of  flashover- 
imposed  peak  voltaqe  l imitations i n  low vol tage  systems,   f re-  
quencies on the  order   of  one  or j u s t  a few kHz must  be postu- 
l a t e d   f o r   o s c i l l a t o r y  waves with  enough  energy t o   s i m u l a t e ,  i n  
the   l abora tory ,  damage tha t   has   ac tua l ly   occu r red ;   a t   wh ich  
point   the   dis t inct ion  between  impulsive  and  osci l la tory  be-  
comes academic.   This  blurring i s  p a r t i c u l a r l y  t r u e  i n  l i g h t  
of   the  low Q's, t y p i c a l l y  2 t o  4 ,  of many measured  "osci l la-  
t o ry"  waves. T h e i r   f i r s t   o v e r s h o o t  i s  o f t e n  no more than 30 
t o  40% of f i r s t  peak  amplitude.  This  can be no t   t oo   d i s s imi l a r  
from the  overshoot   obtained by capacitance  coupling a u n i -  
d i rec t iona l   impulse  wave for  t es t  purposes. 

Impulses   have   a l so   h i s tor ica l ly  been  chosen t o  t e s t  surge 
p r o t e c t o r s   ( r e f s .  4 and ll), and  hence f i n d   a p p l i c a t i o n  i n  
v u l n e r a b i l i t y ,  or damage t e s t i n g ,  when energy i n  the t e n s  or 
even  hundreds  of  joules must  be d e l i v e r e d   t o   s i m u l a t e   f i e l d  
s i t u a t i o n s  i n  which  protectors  may be  involved. 

COUPLING THE TEST SURGE WAVES 

Wave-coupling  requirements  are  minimal  for some of   the  
s tandard  surge  waves,   par t icular ly   for   f ract ional   or   low-joule  
o s c i l l a t o r y   s u r g e s   l i k e   t h e  IEEE/UL, 100 kHz damped cosine 
( r e f s .  1 and 2 ) ,  o r   the  IEEE power sub-s ta t ion  1 MHz damped 
cos ine   ( r e f .  6 ) .  The low energy   leve ls   and   osc i l la tory   na ture  
of  such  waves, make them most su i t ab le   fo r   upse t   r a the r   t han  
damage eva lua t ions .   These   charac te r i s t ics   a l so   imply   smal l  
coupl ing   capac i tors ,   typ ica l ly  i n  the  range  below  one,  or a t  
most j u s t  a few microfarads ,   to   couple   the  t e s t  surge;  even 
for   ra ther   heavy  loads.   This  still  holds  t r u e ,  for  example, 
for  loads  drawing 1 5  t o  30 amperes  from a 115 V a c  power l i n e ,  
wi th   impl ica t ions   o f   on ly  a few ohms load  impedance. The 
1 . 2  x 50 impulses of t he  n e w e s t  IEEE a c  power l i n e  guide 
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( r e f .  l), t h e  10  x 700 impulses now s tandard i n  i n t e r n a t i o n a l  
telecommunications  (ref. 5 ) ,  and t h e  10 x 1000 impulses  of 
U.S. telecommunications (refs. 9 and lo), a l l  require more c o m -  
p lex  and sophis t icated  approaches  both  to   coupl ing and t o  
f i l t e r i n g   t h e   s u r g e  tes t  waves. And so,  s u r e l y ,  w i l l  t h e  4 x 
200 (or  longer) waves implied  for power l i n e s  by a recent E P R I  
s tudy (ref. 7 ) .  The 4 x 200, i f  it eventua tes ,  w i l l  be even 
more d i f f i c u l t   t o   c o u p l e   t h a n   t h e  still longer  telecommunica- 
t i o n s  waves, s ince   ac   l oad  impedances a r e   l i k e l y   t o  be lower 
than  telecom  loads -- j u s t  a f e w  ohms for  heavy  equipment. The 
combination  of low load impedance wi th   r e l a t ive ly   l ong  waves 
impl ies   tha t   coupl ing   capac i tors  w i l l  be  huge:  and a c  l i n e s  a r e  
seldom as   su i tab le   as   candida tes   for   gas- tube   surge   coupl ing  
as   are   te lecom l i n e s  and o the r s .  

A l l  of the  long  impulse waves ca r ry  t e n s  or  hundreds  of 
jou les .  It i s  therefore   impor tan t   to  u s e  t hese  waves wi th  
couplers  t ha t   don ' t   r educe  their  energy  appreciably.  

Figure 4 shows a v a r i e t y  of m u l t i - l i n e  surge  couplers .  

CAPACITIVE SURGE COUPLING 

The s implest   coupler ,   conceptual ly ,  i s  probably a capaci- 
t o r .  I t  i s  su i t ab le   fo r   ca ses  i n  which  surged l i nes  can  operate 
normally w i t h  t he   capac i to r  i n  p lace ,  when the   surge  i s n ' t  
p resent .  

The c i r c u i t  of f i g u r e  5 shows a series capac i to r ,  C ,  
coupling  the  exponentially-decaying  impulse,  E exp (-t/T), t o  
a shunt  load R .  From the   surge   s tandpoin t ,  of g r e a t e s t   i n t e r e s t  
for   even   th i s   ex t remely   s imple   c i rcu i t   a re   the   energy   impl ica-  
t i o n s  . 

The input  wave is: 

= E e  - t / T  

The Laplace   c i rcu i t   equa t ion  is: 

I ( s )  (R + 1 / C s )  = E/ (s + 1/T)  

from  which the   ou tput  may be solved  for   as :  

( 3 )  
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The a x i s   c r o s s i n g ,  ta, i s  found  by se t t i ng   equa t ion  ( 3 )  equal  
t o   z e r o  and  solving  for  t. It is: 

( I n  t h e  l i m i t ,  f o r  RC = T ,  ta i s  a l s o   e q u a l   t o  T. )  

The energy   the   input  wave would d e l i v e r   t o  R wi th  C 
shorted is :  

00 

Wo = f ( l / R )  e 2 ( t )  d t  
0 

which, when so lved ,   y ie lds :  

W o  = E T/2R 2 
(6 )  

Tota l   energy   de l ivered   to  R by   the   ac tua l   ou tput  wave of 
equation ( 3 )  i s  

t- 
oo 

which y i e l d s  
2 w = (E T/2R) ( R C  + 

RC 1 (8) 

Fina l ly ,   t he   f r ac t ion   o f  W o  de l ive red ,  from equat ions 
(6)  and (8) , is  : 

W/Wo = RC/(RC + T )  (9)  

Simi lar   ca lcu la t ions   for   the   energy  W+ del ivered   by   the  
(+) por t ion   of   the  eOUT wave -- i . e . ,   i n t e g r a t i n g  from 0 t o  
ta -- and the  energy W- de l ive red  by t h e  (-) por t ion ,   g ive  

r e su l t s  included i n  the  numberic summary tha t   fo l lows .  

Conclusions  are summarized i n  Table I f o r   t h i s   c i r c u i t .  
S p e c i f i c a l l y ,   i f   t h e  R C  time cons tan t  is  equal  t o  the decay 
time constant ,   then Wflo -- t h e   r a t i o   o f   t o t a l   e n e r g y   d e l i v e r e d  
t o  R, t o  what  would be d e l i v e r e d   i f  C were e i t h e r   i n f i n i t e   o r  
a s h o r t   c i r c u i t  -- is  1 / 2 .  Thus h a l f   t h e   t o t a l   a v a i l a b l e  wave 
energy w i l l  be undel ivered  for   this   case.   Further ,   the   energy 
W+ contained i n  the   pos i t ive-going   por t ion   o f   the   de l ivered  
wave, w i l l  be  only - 4 3  times t h e   t o t a l   a v a i l a b l e   e n e r g y .  

Increasing  the  value  of  the  coupling  capacitor  improves the 
s i t u a t i o n ,  b u t  a dramatic   increase -- by  perhaps 1 0  t o  1 -- is 
necessary   before ,   as  shown i n  Table I, even 85% of   t he   ava i l ab le  
energy  can be furnished t o  R during  the  posi t ive-going  port ion 
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of   t he   de l ive red  wave. Also no te   t he  results of undersizing c.  
I f  RC i s  reduced  only  by  half ,   to  .5T, then j u s t  29% of   the  
a v a i l a b l e  wave energy w i l l  be de l ive red  on t h e   p o s i t i v e  peak. 

O the r   cha rac t e r i s t i c s   o f   t he   ene rgy   t r ans fe r  from t h e  
impulse wave through  the   capac i tor   a re   a l so  shown in   Table  I. 
The axis-crossing,  ta, i s  given (it i s  e q u a l   t o  T i f  RC equals  
T.) The t i m e  t o  50% of   peak,   usual ly   taken  as  a c ruc ia l   dura-  
t i o n  measurement for  an  impulse, i s  given i n  r a t i o  form a s  

t.5 0UT’t.5 I N ’  The t a b l e  shows t h a t   t h i s   d u r a t i o n   r a t i o n  

t o   a v a i l a b l e  wave energy.   Final ly ,   the   energy i n  the  overshoot ,  
W-, i s  r e l a t e d   t o  Wo i n  t h e   r a t i o  W-/Wo. 

t r acks ,   ve ry   nea r ly ,   t he   r a t io  W/Wo o f   de l ivered  

The impl ica t ions   o f   the   f igures   o f   Table  I a r e   c l e a r .  To 
couple a t y p i c a l  50 US dura t ion   impulse   to  a power system w i l l  
r equ i r e  on the  order  of a 100 t o  150 US t ime  constant   to   de-  
l i v e r  a c red ib l e   po r t ion   o f   t he   ava i l ab le  wave energy .   I f   the  
system  being  surged consumes 1 5  A a t  115 V,  say,  i t s  impedance 
w i l l  be 115/15 or  about 8 ohms, ignoring  inductance.  Obtaining 
a 150 US t i m e  constant  under  these  circumstances w i l l  r equ i r e  
about a 2 0  uF capacitor,  presumably a t   s i x   t o   e i g h t  kV, t o  de- 
l i v e r  a t y p i c a l  6 kV su rge   ( r e f .  l ) .  Such capac i to r s  imply 
l a r g e   f i l t e r   i n d u c t o r s  and capac i to r s   fo r   t he  L-C f i l t e r   t h a t  
w i l l  keep  the  surges from reaching  unsurged power l i n e s .  A s  
a r e su l t ,  it may b e   d i f f i c u l t  even t o  t u r n  t h e   c i r c u i t   b r e a k e r  
on t o   a c t i v a t e   s u c h  a power l i n e ,  i n  view  of  the  heavy  capaci- 
t ance   l oads   such   f i l t e r s  imply. Electronic   or   thermal  t i m e  
de lays ,   o r   var iab le   t ransformers ,  may be r e q u i r e d   t o  t u r n  on 
l i n e  power. 

The simple  capacitor  can  do a fine  job  of  surge  coupling: 
provided it i s  large  enough,  and  provided  that   the  implications 
of i t s  la rge   va lue  on the   surge-decoupl ing   f i l t e r   a re   t aken  
in to   account .   Genera l ly ,   the   capac i tor   va lue  C should be of 
such a s i z e   t h a t  RC,  the   ( load)  x (capaci tance)  t i m e  cons tan t ,  
i s  i n  no event  less than T ,  the  impulse wave decay t i m e  con- 
s t a n t ;  and p re fe rab ly  2T. I t  should  a lso  go  without   saying 
t h a t   t h e   c a p a c i t o r  must  have a vo l t age   r a t ing   equa l   t o   t he  
l a r g e s t  peak  expected  for  the t e s t  surge ,   p lus   the  maximum 
oppos i t e -po la r i ty   vo l t age   t ha t   can   ex i s t  on the   d r iven  l i n e  a t  
t h e  t i m e  of   the   surge.  Any lower  ra t ing w i l l  r i s k   c a p a c i t o r  
f a i l u r e  i n  the   event   the   d r iven   load   breaks  down, and t h e  
impulse  source i s  s t i f f  enough t o   c h a r g e   t h e   c a p a c i t o r   t o  
a lmost   the  ful l   impulse  peak.  

- 
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GAS -TUBE  SURGE  COUPLING 

More complex couplers   use  gas  t u b e s ,  a lone  or  i n  combina- 
t ion  with  c lamping  surge  protectors ,   to   surge  higher- impedance 
l i n e s  which can ' t   opera te   normal ly  when shunted  with  large 
capac i to r s  , 

While  the  gas t u b e  couplers   of   f igure 4 have  the  advantage 
of  connecting  the  surge  source  only when the   su rge   ex i s t s ,   t hey  
have  various  disadvantages  as w e l l .  Foremost among them i s  the  
f a c t   t h a t  a gent ly-s loping s u r g e  f r o n t ,   a s  may be spec i f i ed   fo r  
a pa r t i cu la r   s imu la t ion ,  w i l l  be tu rned   i n to  a super-steep, 
nanosecond  edge when the  gas  tube  conducts.   This  severe wave- 
form a l t e r a t i o n  i s  shown i n  f i g u r e  6. 

Clamping p ro tec to r s   a r e   o f t en   u sed  i n  series with  gas t u b e s  
a s  shown i n  f i g u r e  4 ,  to   a l low  d isconnec t   a f te r   the   surge   even  
i f   t h e r e  i s  vol tage  above  the  gas- tube  arc   potent ia l   "s tanding" 
r e g u l a r l y  on t h e  l i n e  being  surged. The series clamping  protec- 
t o r s ,  however, w i l l  have t h e   e f f e c t  of reducing  energy  appl ied  to  
the  test  p i ece  s i n c e  they remove the  lowest,  heavy  energy-bearing 
port ion  of   the  decaying  exponent ia l .   This  i s  t r u e  a s  w e l l  i f   t h e  
clamping  protector i s  used  a lone,   wi thout   the  gas  t u b e ,  to   couple  
the  surge.   Figure 7 shows t h e   c l i p p i n g   e f f e c t .  

For t h e  wave E exp ( - t /T )  shown i n  t he   f i gu re ,   c l i pped   o f f  
below V, t he   de l ive red   ene rgy   t o  a load R i s  reduced t o  68% of 
ava i l ab le   fo r  V/E = .1 "Available"  energy, Wo, is  taken   to   be  
the  energy  of  the  unclipped wave d e l i v e r e d   t o  a load R ,  again 
given  by  equation 7 ,  a s  Wo = E2T/2R. Actual   energy  del ivered may 
be found i n  a manner s i m i l a r   t o   t h a t  used to   so lve   fo r   t he   capac -  
i tor-coupled  case,  and t h e   r a t i o   l i k e w i s e   c a n  be determined  to  
be : 

I f  V/E = - 2 ,  less than   ha l f   o f   the   ava i lab le   energy  i s  de- 
l i v e r e d  -- 45% t o  be exac t ,  A va lue   for  V/E of .1, is  a t y p i c a l  
s i t u a t i o n   f o r  a 300 t o  350 V va r i s to r   coup l ing  a 5 t o  6 kV wave; 
a t   f u l l   c u r r e n t ,   t h e   v a r i s t o r  w i l l  r e q u i r e  on the  order   of  600 
t o  700 V. A t  lower  surge  peaks,  such as  t h e  3 kV recommended 
fo r  some surging by IEEE ( r e f .  1) , t h e  same v a r i s t o r  w i l l  con- 
s t i t u t e  20% of  peak  voltage,  i .e. V/E = - 2 ,  and  over  half   the 
ava i lab le   energy  w i l l  be undelivered, I t  is  pa r t i cu la r ly   wor th  
not ing  that   even  i f   the   surge  peak is  r e a d j u s t e d   t o   d e l i v e r   t h e  
o r i g i n a l   d e s i r e d   p e a k   v o l t a g e   t o   t h e   l o a d ,   c l i p p i n g   o f f   t h e  
lower " t a i l "  of the   exponent ia l  w i l l  s t i l l  leave   energy   e r rors  
about  equal t o  ha l f   t he   e r ro r s   c i t ed   above .  
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ISOLATING AND SURGING THE E Q U I P m N T  UNDER TEST 

F i g u r e  8 shows the basics for a system t o  apply normal- 
mode s u r g e s  t o  an  Equipment  Under Test (EUT).  The s i t u a t i o n  
d e p i c t s   a p p l i c a t i o n  of t e s t  waves t o  the ac l i n e s   p o w e r i n g  
the EUT, b u t  it c o u l d  as eas i ly  be t o  any other i n p u t  or o u t p u t  
l i n e  pa i r ,  so l o n g  as s u r g e  f i l t e r s  are i n t e r p o s e d   b e t w e e n  the 
EUT and  the l i n e s '   d e s t i n a t i o n .  

Common-mode s u r g i n g ,   b e t w e e n   a n y   l i n e ( s )   a n d   g r o u n d ,  i s  
accomplished i n   a n a l o g o u s   m a n n e r ,  by c o n n e c t i n g  the su rge   gen -  
erator L o  t o  ground,   and   employing  a m u l t i - l i n e   c o u p l e r  if 
more t h a n   o n e   l i n e  i s  t o  be s u r g e d   i n  common mode. 

A s  shown i n   f i g u r e  8 ,  the ac l i n e  t o  be s u r g e d  i s  f i r s t  
applied t o  a n   i s o l a t i o n   t r a n s f o r m e r ,  t o  p r o v i d e   g r o u n d   f a u l t  
i s o l a t i o n .  This  transformer i n  no way assists i n   f i l t e r i n g  the  
s u r g e  from the i n p u t ,  it merely makes possible u s e  of the large 
f i l t e r  capacitors n e c e s s a r y  t o  r e d u c e  the s u r g e  a t  the i n p u t ,  
whi le  s t i l l  r e t a i n i n g  the p o s s i b i l i t y  of u s i n g  a g r o u n d   f a u l t  
c i r c u i t   i n t e r r u p t e r  ( G F C I )  i n  the power l i n e .  I f  a GFCI i s  n o t  
i n  place or i s  n o t   r e q u i r e d ,  the  t r a n s f o r m e r  may be o m i t t e d .  

( I t  s h o u l d  be n o t e d  t h a t  d u r i n g  the s u r g e  tes t ,  ac power 
t o  the EUT c a n n o t  be mon i to red  by a GFCI; so s u i t a b l e  pre- 
c a u t i o n s   s h o u l d  be t a k e n  t o  operate wi thout   one .   Even  i f  a 
G F C I  i s  i n  place a t  the i n p u t ,   a n d   a n   i s o l a t i o n   t r a n s f o r m e r  
i s  used  as  s h o w n ,   u n b a l a n c e   c u r r e n t   i n  the t r a n s f o r m e r   s e c o n d -  
a r y   w o n ' t  be measured as s u c h   b y  t h e  p r i m a r y  G F C I . )  

The ac  is t h e n   c o n n e c t e d  t o  a s u r g e  back-f i l ter ,  c o n s i s t i n g  
i n  i t s  simplest form of t w o  series chokes -- o n e   i n  each l i n e  
of the pair  -- and a t o t a l  of t h r e e  capaci tors  be tween them and 
t o  ground,  as shown. 

The s u r g e  i s  a p p l i e d  a t  t h i s  p o i n t ,  w i t h  n o   c o n n e c t i o n  
manda to ry   be tween   po in t s  A and  B i n  the f i g u r e   t y i n g  the s u r g e  
g e n e r a t o r  l o w  t o  the ground of the EUT, a l t h o u g h  a t  l ea s t  a 
c lamping  protector be tween them i s  a n   e x c e l l e n t   p r e c a u t i o n .  
The most i m p o r t a n t   p o i n t  i s  t h a t  c o n t i n u i n g   g r o u n d s  from the 
EUT t o  other equipment   mus t  be d i s c o n n e c t e d  as  shown,   a long 
w i t h  the  local EUT g r o u n d :   i n  effect ,  the EUT must  become the 
end  of the l i n e  for ground.  This  implies t h a t  the case or 
c a b i n e t  of the EUT may rise t o  a high s u r g e   p o t e n t i a l   d u r i n g  
the tes t .  S u i t a b l e   p r e c a u t i o n s   m u s t  be t a k e n ,  as  i n d i c a t e d  
la ter  o n   i n   c o n n e c t i o n  w i t h  f i g u r e  9. 
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The connection between p o i n t s  A and B may be made d i r e c t l y ,  
although an  ungrounded-output  surge  generator  as  such is  still 
f a r   p r e f e r a b l e ,  so t h a t  it may be grounded a t   t h i s   p o i n t   o n l y ,  
i f   a t   a l l .  O f  course   for  common-mode surging,   the   connect ion 
m u s t  be omitted be tween A and B,  a s  m u s t  be t h e   p r o t e c t o r .  

Note t h a t   a l l  ground  and low l i n e s  i n  t h e   f i g u r e   a r e  shown 
as  series  impedances.   This i s  done t o  emphas ize   the   fac t   tha t  
if a surge   t rave ls   v ia   one   o f  them, it w i l l  genera te  a l a r g e  
resu l t ing   g round  po ten t ia l  r i s e  -- poss ib ly   as   g rea t   o r   even  
greater   than  the  appl ied  peak  surge  vol tage.  

MONITORING WITHIN  SURGED EQUIPMENT 

There may be  excel lent   reasons  for   monitor ing  the r e su l t s  of 
the  appl ied  surge,   deep  within  the EUT, to   f ind   the   peak   vo l tage  
reached  across a p a r t i c u l a r  component or   c i rcu i t   fo r   example ,   o r  
i t s  s p e c i f i c  breakdown mode. Figure 9 shows a recommended 
monitoring  scheme,  which  further  illuminates some o f   t he  con- 
s idera t ions   touched  on i n  the   p receding   sec t ion  i n  r ega rd   t o  
ground  and   i so la t ion   o f   o ther   s igna ls   to  and  from t h e  EUT. 

The most   impor tan t   po in t   to 'be  made i n  connection  with 
f i g u r e  9 i s  the  r e q u i r e m e n t  fo r  a bar r ie r   sur rounding   the  EUT, t o  
provide  safety  and a guarantee   aga ins t   f lashover   to   any   o ther  
ob jec t .   Th i s   ba r r i e r  may be s imply   suf f ic ien t   separa t ion  -- i n -  
c luding from the   f loor ,   which  must  be presumed to   conta in   condui t  
o r   o ther   meta l .   Al te rna t ive ly ,   the  en t i r e  barrier  can  be  physi-  
c a l   i n s u l a t i o n .  I n  e i the r   ca se ,  it should be complete,  except 
where   pene t ra ted   for   inser t ion   o f   input   o r   ou tput  l i n e s ,  and 
measurement  probes;  and it should  be  safe for  a peak  voltage 
e q u a l   t o   a t   l e a s t  twice the   peak   of   the   inc ident  t es t  surge. 
( C i r c u i t s  i n  breakdown  can o s c i l l a t e   a t   h i g h   r f   f r e q u e n c i e s ,  and 
can  thereby  increase  applied  peaks by a factor  approaching  two.) 

All other  l i n e s  mus t  be removed  from t h e  EUT: or i f  it i s  
n o t   p o s s i b l e   t o  do so, then  they m u s t  be   surge-back-f i l tered 
l i k e   t h e  l i n e s  ac tua l ly   be ing   surged;  since i f   f l a shove r   occu r s  
wi th in   t he  EUT, it may be conducted t o  any po r t .  

Monitoring i s  accomplished,   as   indicated,   most   readi ly  on a 
d i f f e ren t i a l   bas i s .   Th i s   enab le s  u s e  of   safely  grounded  osci l lo-  
scope  or   peak  detectors ,   wi th   hiqh  vol tage  probes  that   have no 
qround  leads  attached. "Ground" wi th in   t he  EUT  may no t  be 
ground a t   a l l ,  and  the  scope  (or  peak  detectors)  should not 
general ly   be  connected  to  it. 

- "- 
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Probes  with  safe  peak-voltage  margin  for a t   l e a s t  t w i c e  t h e  
applied  surge  peak  should be employed.  Ordinary  low-voltage 
scope  probes  are  unsafe,  even i f   t h e   r e s u l t i n g   c i r c u i t  peak 
vo l t ages   a r e   t hough t   t o  be j u s t  a few hundred  volts;   since  under 
f au l t   cond i t ions  a n  i n t e r n a l  EUT flashover  or  other  malfunction 
may apply  enough  voltage to   destroy  the  probe,   the   monitor   de-  
v i ce   i npu t  c i r cu i t s ,  and possibly  even  other  equipment, i f  it 
can  once enter the   l abora tory   g round  sys tem  v ia   th i s   rou te .  

Of course,   el imination  of  other  input  and  output l i n e s ,  or 
even   a l t e r ing   t he i r  impedance  and so on w i t h   f i l t e r s ,  may give 
a less t h a n   t o t a l l y   r e a l i s t i c  r e s u l t  for  surge  response.  How- 
ever ,   no th ing   shor t   o f   surg ing   wi th   ac tua l   l igh tn ing   or   the  
o ther   phys ica l  phenomena being  s imulated  can  e l iminate   this  
conceptua l   l imi ta t ion .  U n t i l  generation  of such n a t u r a l  phe- 
nomena becomes both  necessary and prac t ica l ,   the   sugges ted  
methodologies  stand  as a reasonable and genera l ly   successfu l  
approach. 

A s  a f i n a l   p o i n t ,   o s c i l l o s c o p e  (or other  monitor) common- 
mode and noise   re jec t ion   should   be   carefu l ly   checked .   This  
i s  best  accomplished w i t h  bo th   inputs  f i r s t  monitoring the  t o t a l  
input   surge,  and then EUT ground; t o   i n s u r e   t h a t   o s c i l l o s c o p e  
readings   a ren ' t   unduly  l i m i t e d  by noise .  

CONCLUDING REMARKS 

Spike-surge  testing  of powered electronic   equipment   has  
become p r a c t i c a l ,  w i t h  the adven t   o f   quan t i t a t ive   spec i f i ca t ions  
on s tandard waves for  a v a r i e t y   o f   d i f f e r e n t   s i t u a t i o n s .  Led 
by th i s   quan t i t a t ive   approach ,  it i s  now poss ib l e   t o   coup le  
without  undue l o s s e s ,   t o   c a l c u l a t e ,  and  even t o  measure  the 
energy  levels  involved i n  t e s t   s u r g e s .   R e s u l t s  i n c l u d e  i n -  
creased  understandings  of  failure modes p e r t i n e n t   t o   s p e c i f i c  
equipments, waves  and so on. 

Methods for  applying  the  surges  have been developed  for 
normal  and a l l  forms  of common-mode, along  with  coordinated 
f i l t e r i n g   t o   p r e v e n t  them  from reaching  unsurged l i n e s .  
Equally  important  has been evolution  of a simple,  safe  approach 
to   moni tor ing   surge   resu l t s   deep   wi th in  the equipment under  
t e s t ,  for   diagnost ic   purposes ,   wi thout   jeopardizing  the  over-  
a l l  system  or  laboratory  ground  system. 
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Figure 1.- Typical input or output line pair to/frm operating equipment. 

Figure 2.- Specification for standardized 100 kHz "ring" wave 
from reference 1. 
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Figure 3.- Specification for standardized  impulse wave 
from  reference 12. 
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Figure 6.- Gas-tube  coupler modification to  leading  edge 
of classic 10 x 1000 wave. 
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Figure 8.- Normal-mode surge  testing. 
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RESPONSE OF SURGE PROTECTION DEVICES 

TO FAST R I S I N G  PULSES* 

I . N .  Mindel  

I I T  Research I n s t i t u t e  
Chicago, I L  

SUMMARY 

Two t y p e s   o f   l i g h t n i n g   p r o t e c t i o n  m o d u l e s   i n c o r p o r a t i n g   " l e a d l e s s "   ( p i l l  
t y p e )   Z e n e r   l i k e   d e v i c e s   w e r e   e v a l u a t e d   w i t h   r e g a r d   t o   t h e i r   a b i l i t y   t o  sup- 
press EMP i n d u c e d   t r a n s i e n t s .  Two s e r i e s   o f   t e s t s  were  performed t o   e v a l u a t e  
t h e   a b i l i t y   o f   t h e s e  modules t o   r e a c t   t o   f a s t   r a t e   o f   r i s e  ( >  l K v / n s )   t r a n -  
s i e n t s ,  and t h e   a t t e n u a t i o n   i n t r o d u c e d  and t h e   a b i l i t y   t o  limit damped s i n -  
usoid  pu lses  which may be  induced due t o  an EMP r e s u l t i n g   f r o m  a n u c l e a r   d e t -  
on a t i  on. 

INTRODUCTION 

The F e d e r a l   A v i a t i o n   A d m i n i s t r a t i o n  (FAA) was r e s p o n s i b l e   f o r   t h e   d e s i g n  
and f a b r i c a t i o n   o f  t w o   t y p e s   o f   l i g h t n i n g   p r o t e c t i o n   m o d u l e s   i n c o r p o r a t i n g  
" l e a d l e s s "   ( p i l l   t y p e )  Zener l i k e   d e v i c e s ,  ( G S I  TransZorbs).  These  devices 
were  designed t o   p r o t e c t   e l e c t r o n i c s / e l e c t r i c a l   e q u i p m e n t s   a g a i n s t   l i g h t n i n g  
i n d u c e d   s u r g e s .   S i n c e   t h e   c h a r a c t e r i s t i c s   o f   l i g h t n i n g   i n d u c e d   s u r g e s   a r e  
m a r k e d l y   d i f f e r e n t   t h a n  EMP i n d u c e d   t r a n s i e n t s ,  i t  was o f   i n t e r e s t   t o   d e t e r m i n e  
the   per fo rmance  o f   these  modu les   to  EMP i n d u c e d   t r a n s i e n t s .  

L i g h t n i n g   i n d u c e d   t r a n s i e n t s   f r o m ' a   n e a r b y   l i g h t n i n g   s t r o k e   a r e   c h a r a c t e r -  
i z e d   b y   r a t e s   o f   r i s e  on t h e   t r a n s i e n t   w a v e f r o n t   o f   t h e   o r d e r   o f  a few  hundred 
t o  a few thousand   vo l t s   pe r   m ic rosecond ,   (F igu re   1 ) .   O f ten   t hey   a re  a s i n g l e  
p u l s e   t r a n s i e n t .   S i n c e   l i g h t n i n g   i s  a p o i n t   d i s c h a r g e  phenomena, t h e s e   s i g n a l s  
a re   induced  over  a l i m i t e d   ( l o c a l )   p o r t i o n  o f  the  system. 

The e l e c t r o m a g n e t i c   p u l s e  (EMP) r e s u l t i n g   f r o m  a h i g h   a l t i t u d e   n u c l e a r  
d e t o n a t i o n   i s ,  on t h e   o t h e r  hand, e s s e n t i a l l y  a p lane  p ropagat ing   e lec t romag-  
n e t i c  (EM) wave. T h i s  EMP being  generated i n   t h e   i o n o s p h e r e   i l l u m i n a t e s  
ex t reme ly   l a rge   a reas  on t h e   e a r t h ' s   s u r f a c e   n e a r l y   s i m u l t a n e o u s l y ,  and  con- 
s e q u e n t l y   i l l u m i n a t e s   t h e   e n t i r e   s y s t e m  o f  i n t e r e s t   n e a r l y   s i m u l t a n e o u s l y .  The 
EM wave c o u p l e s   t o  any   conduc t ing   e lemen t   i n   t he   sys tem  ( i . e . ,   t he   cab les ,  

*The work   repo r ted   he re in  was sponsored  by  the FP,A and  conducted  under   cont ract  
No. S-79-01001  between I I T R I  a n d   t h e   F l o r i d a   I n s t i t u t e  of Technology. 
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an tennas ,   and   t he   sys tem  s t ruc tu re   i t se l f ) .  The r a t e   o f   r i s e   o f   t h e   f r e e   f i e l d  
EMP i s   o f   t h e   o r d e r   o f   f i v e   t h o u s a n d   v o l t s   p e r  nanosecond , ( F i g u r e  1 ) . The i n -  
d u c e d   s i g n a l s   r e s u l t i n g   f r o m   t h i s  EMP n o r m a l l y   t a k e   t h e   f o r m   o f  a damped s i n -  
usoid  waveform  where  the  r ing  f requency i s  determined  by  the  system  geometry 
( s e l f   r e s o n a n c e s )   o r  a s i n g l e   t r a n s i e n t .  The r a t e   o f   r i s e   o f   t h e   w a v e f r o n t  
o f   t h e   f i r s t   c y c l e   o f   s u c h  a damped s i n u s o i d   i s   o f   t h e   o r d e r   o f  one t o   f i v e  
thousand  vo l ts   per   nanosecond,   (F igure 2 ) .  

The i n c r e a s e d   r a t e   o f   r i s e   f o r   t h e  EMP i nduced   ve rsus   l i gh tn ing   i nduced  
s i g n a l s   i s   e x t r e m e l y   i m p o r t a n t   b e c a u s e   o f   t h e   d i f f e r e n c e   i n   s p e c t r a l   c o n t e n t  
o f   t h e   t w o .  Due t o   t h e   h i g h e r   f r e q u e n c y   c o n t e n t   a s s o c i a t e d   w i t h   t h e  EMP i n -  
d u c e d   s i g n a l s ,   t h e   p a r a s i t i c   i n d u c t a n c e s   a n d   c a p a c i t a n c e s   o f   t h e   t e r m i n a l   p r o -  
t e c t i o n  modules  and s o l i d   s t a t e   d e v i c e s   a r e   f a r  m o r e   i m p o r t a n t   t o   t h e   o v e r a l l  
module  performance. 

MODULE  CONSTRUCTION 

As s t a t e d   t h e r e   w e r e   t w o   t y p e s   o f   t e r m i n a l   p r o t e c t i o n   m o d u l e s   t o  be e v a l -  
uated. One module was d e s i g n e d   f o r   u s e   i n   h i g h   f r e q u e n c y   c o a x i a l   c i r c u i t s  
whereas the  second was des igned  fo r   lower   f requency   hard   w i red   da ta   sys tems 
u t i l i z i n g   m u l t i c o n d u c t o r   p a i r e d   c a b l e s ,   f o r   e x a m p l e .  

The c o a x i a l   m o d u l e   c o n s t r u c t i o n   i s   d e p i c t e d   i n   F i g u r e  3 .  The c o a x i a l  
module i s  a m o d i f i e d   t y p e  'N' c o a x i a l   t e e .  I t  was m o d i f i e d   t o  house a " p i l l "  
t y p e   z e n e r   d e v i c e .   C o n t a c t   t o   t h e   z e n e r   d e v i c e   i s   a c h i e v e d   b y  means o f  a 
c o n i c a l   s p r i n g  of a p p r o x i m a t e l y   s i x  ( 6 )  t u r n s .  

u l e .   A g a i n ,   c o n t a c t   t o   t h e   d i o d e   i s   a c h i e v e d   b y  a c o n i c a l   s p r i n g   o f   t h r e e  
t u r n s  as  shown i n   F i g u r e  4. The l o w e r   e n d   o f   t h e   s p r i n g   c o n t a c t s  a q u a r t e r  
inch  copper  ground  bus  which i s  common t o   a l l   f i v e   p o r t s .  

The 5 - p o r t   m o d u l e   u t i l i z e s   t h e  same t ype   zener   dev i ce   as   t he   coax ia l  mod- 

I n   t h e   p r e l i m i n a r y   e v a l u a t i o n   o f   t h e s e   m o d u l e s ,  it was t h e   i n d u c t a n c e   o f  
these  spr ings   wh ich  was o f   p r i m a r y   c o n c e r n   f o r   t h e   f a s t   r i s e   t i m e   p u l s e   r e -  
sponse. 

TEST PROGRAM 

Two s e r i e s   o f   t e s t s  were   per fo rmed  on   the   two  types   o f   te rmina l   p ro tec t ion  
modules t o  be  evaluated.  The f i r s t   s e r i e s   o f   t e s t s   u t i l i z e d  a pu lse  source 
w i t h  a f a s t   r a t e   o f   r i s e   w a v e f r o n t .  The o b j e c t i v e   o f   t h i s   f i r s t   s e r i e s  was t o  
d e f i n e   t h e   t u r n  up vo l tage   o f   t he   modu le ,   and   second ly   t he   dev i ce ,  due t o   t h e  
p a r a s i t i c   i n d u c t a n c e   a s s o c i a t e d   w i t h   t h e   m o d u l e .  It must be n o t e d   t h a t   t h e  
t u r n  up v o l t a g e   i s   r a t e   o f   r i s e  dependent. 

The second s e r i e s   o f   t e s t s   u t i l i z e d  a damped s i n u s o i d  as a d r i v i n g  wave- 
f o r m   w i t h   t h e   b a s i c   f r e q u e n c y   o f   t h e   s i n u s o i d   b e i n g  1, 10  and  100 MHz. The 
o b j e c t i v e   o f   t h i s   s e r i e s   o f   t e s t s  was t o   d e t e r m i n e   t h e  minimum  clamp v o l t a g e  
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due t o   t h e   s t r a y   i n d u c t a n c e   a n d   s e c o n d l y ,   t h e   d e v i c e   p e r f o r m a n c e   ( i . e . ,   t h e  
i n s e r t i o n   l o s s )  due t o   s h u n t i n g  of t h e   s i g n a l   b y   t h e   d e v i c e   c a p a c i t y .  

The t e s t   s e t u p ,   i n s t r u m e n t a t i o n ,   a n d   t e s t   p r o c e d u r e   f o r   e a c h   o f   t h e s e  
s e r i e s   o f   t e s t s   a r e   d i s c u s s e d   i n   t h i s   s e c t i o n .  

Pulse  Tests  

The t e s t   s e t u p   f o r   t h e   p u l s e   t e s t   s e r i e s   i s   d e p i c t e d   i n   b l o c k   d i a g r a m  form 
i n   F i g u r e  5. 

The p u l s e r   i s  an I I T R I  d e s i g n e d   a n d   f a b r i c a t e d   u n i t   c a p a b l e   o f   p r o d u c i n g  a 
s q u a r e   p u l s e   o f   a d j u s t a b l e   l e n g t h   a n d   w i t h  a f a s t   r a t e   o f   r i s e  on t h e   p u l s e  
wave f ron t .  A p u l s e   d u r a t i o n   o f  300 nanoseconds was s e l e c t e d   f o r   b o t h   s e r i e s  
o f   t e s t s .  The pu lse   amp l i t ude  and r a t e   o f   r i s e   v a r i e d  somewhat f o r   t h e   t w o  
t e s t   s e r i e s  due t o   r e f l e c t i o n s   i n   t h e  system. 

The s e r i e s  50 ohm r e s i s t o r   i s   p r o v i d e d   t o   m i n i m i z e   r e f l e c t i o n s ,  and l i m i t s  
t h e   d i s c h a r g e   c u r r e n t   t h r o u g h   t h e   d e v i c e   i n   t h e   m o d u l e   u n d e r   t e s t .  

The modu le   under   t es t   cons i s ted   o f   t he   bas i c   coax ia l   t ee   modu le   and   t he  
5-por t   modu le .   Tes t   con f igura t ions   fo r   each  modu le   inc luded;   (1 )   the   modu le  
empty  (open c i r c u i t e d ) ,  ( 2 )  t h e   m o d u l e   s h o r t   c i r c u i t e d   b y  a b r a s s   p l u g   w i t h  
t h e   s p r i n g  removed, ( 3 )  the   modu le   p lus  a brass dummy d i o d e   w i t h   t h e   s p r i n g  
i n s e r t e d ,  and ( 4 )  the  module  housing  the  TransZorb  dev ice(s)  i n   i t s  normal 
c o n f i g u r a t i o n .  

The open c i r c u i t   c o n f i g u r a t i o n   p r o v i d e s   m e a s u r i n g   t h e   p u l s e   i n c i d e n t  on 
t h e   d e v i c e   u n d e r   t e s t .  The shor ted   modu le   w i th   the   spr ing   removed  p rov ides  
f o r   d e t e r m i n i n g   t h e   e f f e c t s   o f   t h e   s t r a y   i n d u c t a n c e   i n  modu le   less   spr ing  
i n d u c t a n c e .   W i t h   t h e   s p r i n g   i n s e r t e d  and t h e   m o d u l e   s h o r t   c i r c u i t e d ,   ( a  dummy 
b r a s s   s l u g   o f   t h e  same dimensions as a TransZorb)   p rov ides   fo r   de termin ing   the  
e f f e c t   o f   t h e   s p r i n g   i n d u c t a n c e .   F i n a l l y ,   t h e   m o d u l e   h o u s i n g   t h e   T r a n s Z o r b ( s )  
p rov ides   fo r   de termin ing   the   modu le   p lus   dev ice   per fo rmance  under   normal   con-  
d i   t i o n s .  

The 40 dB a t t e n u a t o r  was a t h r u l i n e   t y p e   p r o v i d e d   i n   t h e   c i r c u i t   t o  limit 
t h e   v o l t a g e   i n p u t   t o   t h e   s c o p e .  It was s w i t c h e d   i n   o r   o u t   d e p e n d i n g  on t h e  
v o l t a g e   p r e s e n t   a c r o s s   t h e   t e r m i n a l s   o f   t h e   m o d u l e   u n d e r   t e s t .  

The t e r m i n a t i o n   p r o v i d e s   f o r  a matched  system  again t o   m i n i m i z e   r e f l e c -  
t i o n s   b a c k   t o   t h e   m o d u l e   u n d e r   t e s t .  The scope i s  a s t a n d a r d   T e k t r o n i x   l a b -  
o r a t o r y  scope w i t h  a 300 MHz bandwidth so as n o t   t o   d i s t o r t   t h e   p u l s e  measure- 
ment. 
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Damped S inuso id   Tes ts  

The p r i n c i p a l   d i f f e r e n c e  b e t w e e n   t h e   p u l s e   t e s t   s e r i e s   s e t u p  and t h e  
damped s i n u s o i d   t e s t   s e r i e s   s e t u p   i s   t h e   d r i v i n g   s o u r c e .   T h i s   d r i v i n g   s o u r c e  
i s  shown i n   b l o c k   d i a g r a m   f o r m   i n   F i g u r e  6. 

The d r i v i n g   s o u r c e   c o n s i s t s   o f  an RF s o u r c e   t u n e d   t o   t h e   d e s i r e d   f r e -  
quency  which f o r   t h i s  assessment was s e l e c t e d   t o  be  1, 10, and 100 MHz. T h i s  
RF s i n u s o i d a l   s i g n a l   i s   m o d u l a t e d   b y  an exponen t ia l l y   decay ing   pu l se   deve loped  
by a square wave pulse  generator   and a pu lse   shap ing   ne twork .  The network  cap- 
a c i t a n c e   i s   s e l e c t e d  so t h e   r e s u l t i n g  damped s i n u s o i d a l   p u l s e   d e c a y s   t o  50 p e r -  
c e n t   o f   t h e   i n i t i a l   c y c l e   i n   s i x   ( 6 )   t o   e i g h t   ( 8 )   c y c l e s .   M o d u l a t i o n   o f   t h e  
RF i s  per formed  by  the  double  ba lanced  mixer .  

The damped s i n u s o i d   i s   t h e n   a m p l i f i e d   t o   t h e  des 
f i e r  and a f i n a l   a m p l i f i e r .  The 100 w a t t   f i n a l   a m p l i  
s i g n a l   o f   a p p r o x i m a t e l y   1 4 0   v o l t s   p e a k   t o   p e a k .   T h i s  
d r i v e   t h e   m o d u l e   u n d e r   t e s t .  

i- i r e d   l e v e l   b y  a preamp1 
f i e r  produces an o u t p u t  

s i g n a l   i s   t h e n  used t o  

The rema in ing   componen ts   o f   t he   t es t   sys tem  a re   t he  same as f o r   t h e   p u l s e  
t e s t   s e r i e s   e x c e p t   t h a t   t h e  40 dB a t t e n u a t o r   i s  no  l o n g e r   r e q u i r e d .  

TEST RESULTS 

D i o d e   C h a r a c t e r i s t i c s  

Four  diodes  (TransZorbs)  were made a v a i l a b l e   b y   t h e   F I T  and  the FAA f o r  
use on t h i s  program. The c h a r a c t e r i s t i c s   o f   t h e s e   d e v i c e s   o f   i n t e r e s t   t o   t h i s  
program  are  summarized i n  Table  1.  

The GZ 60316 B d e v i c e  was the   on l y   l ow   capac i tance   dev i ce   t es ted ,   and  
r e p o r t e d  on i n   t h i s   p a p e r .  The l o w   c a p a c i t a n c e   i s   o b t a i n e d   b y   f a b r i c a t i n g   t h e  
dev i ce  as a z e n e r   j u n c t i o n   i n   s e r i e s   w i t h  a p a i r   o f   p a r a l l e l   l o w   c a p a c i t a n c e  
s i l i c o n   j u n c t i o n   d i o d e s .   B e i n g   t h e   o n l y   l o w   c a p a c i t a n c e   d e v i c e  i t  i s   t h e   o n l y  
one wh ich   cou ld   be   expec ted   to   have a r e a s o n a b l e   i n s e r t i o n   l o s s  above 1 MHz. 
As will be  seen, i t  e x h i b i t s   l a r g e   i n s e r t i o n  loss ( s h u n t i n g )  due t o  the  capac- 
i t a n c e   a t  100 MHz. The c h a r a c t e r i s t i c s   o f   t h i s   d e v i c e   o f   i n t e r e s t   a r e :  

Breakdown vo l tage   6 .66  - 8.14 v o l t s  (3 10 ma 
Clamping  vol tage  (max)  12  vol ts 
P o l a r i t y  - U n i p o l a r  
J u n c t i o n   c a p a c i t a n c e  250 p f  

The TransZorb i s   o f   t h e   p i l l   t y p e  (i .e. , l e a d l e s s )   w h i c h  removes t h e   l e a d  
inductance  problem. 
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Pulse  Tests  

The p u l s e   t e s t   s e r i e s   c o n s i s t e d   o f   d i o d e   t e s t s   i n   b o t h   t h e   c o a x i a l   t e e  
and 5 - p o r t   m o d u l e s .   I n   a d d i t i o n ,   t e s t s   o f  each o f   t h e  modules w i t h  a dummy 
d i o d e   ( b r a s s   s l u g   o f   t h e  same dimensions  as  the  diode)  were  performed. 

Coaxia l  Tee Module 

The d r i v i n g   p u l s e   w a v e f o r m   f o r   t h e   c o a x i a l   t e e   m o d u l e   t e s t   i s   p r e s e n t e d  
i n   F i g u r e  7a.  From Figure  7a,   the  pu lse  ampl i tude  can  be  seen  to   be  1700 
v o l t s .  From F i g u r e   7 a ,   t h e   r a t e   o f   r i s e   o f   t h e   l e a d i n g  edge o f   t h e   p u l s e   c a n  
be  seen t o  be  approx imate ly   1100  vo l ts /nanosecond.  The p u l s e   d u r a t i o n  was 300 
nanoseconds. 

F i g u r e  8a shows t h e   p e r f o r m a n c e   o f   t h e   m o d u l e   u n d e r   s h o r t   c i r c u i t   c o n d i -  
t i o n s ,   ( i . e . ,   w i t h  a dummy d i o d e   i n   p l a c e ) .  The f i g u r e  shows t h e   r e s u l t  when 
a s i n g l e   s i m u l a t e d   d i o d e   i s   u t i l i z e d   w i t h   t h e   s h o r t  cap  and  longer  (more  turns) 
s p r i n g .   I n   t h i s   c o n f i g u r a t i o n   t h e   t u r n  u p   v o l t a g e   i s   a p p r o x i m a t e l y  780 v o l t s  
and t h e   h a l f   a m p l i t u d e   p u l s e   d u r a t i o n   i s   a p p r o x i m a t e l y  2 nanoseconds.  This 
t u r n  up v o l t a g e   i s  due t o   t h e   i n d u c t a n c e   o f   t h e   c o n i c a l   s p r i n g .  

The r e s u l t   o f   t h e   s i n g l e   d i o d e   ( t y p e  GZ 41116 L ) i s  shown i n   F i g u r e  8b. As 
can  be  seen  from t h i s   f i g u r e ,   t h e   t u r n  up v o l t a g e   i s   a p p r o x i m a t e l y   t h e  same 
( 7 8 0   v o l t s )  as f o r   t h e   s i n g l e  dummy d iode - l a r g e   s p r i n g   c a s e   ( F i g u r e   8 a ) .  The 
c l a m p i n g   v o l t a g e   i s   u n d i s c e r n a b l e   f o r   t h e  GZ 60316 B d iode  because  o f   the  ver-  
t i c a l   s c a l e   s e n s i t i v i t y  employed. No p u l s e   s t r e t c h i n g   a t   t h e   h a l f   a m p l i t u d e  
p o i n t s   i s   a p p a r e n t .   T h i s   i n d i c a t e s   t h a t   t h e   i n d u c t a n c e   a s s o c i a t e d   w i t h   t h e  
d iodes i s   i n s i g n i f i c a n t  a n d   t h e   t o t a l   t u r n  up v o l t a g e   i s  due t o   t h e   i n d u c t a n c e  
assoc ia ted   w i th   t he   modu le  and s p r i n g .  

5-Port   Module 

The d r i v i n g   p u l s e   w a v e f o r m   f o r   t h e   5 - p o r t   m o d u l e   t e s t s   i s   p r e s e n t e d   i n  
F i g u r e  7b. From t h i s   f i g u r e ,  i t  can  be  seen t h a t   t h e   p u l s e   a m p l i t u d e   r e a c h e s  
approx ima te l y  2300 v o l t s   w i t h  a r a t e   o f   r i s e   o f   t h e   p u l s e   w a v e f r o n t   o f   a p p r o x -  
i m a t e l y  1500  volts/nanosecond. 

The same s e r i e s   o f   t e s t s  were   per fo rmed  fo r   the   5 -por t   modu le  as f o r   t h e  
c o a x i a l   t e e   m o d u l e .   I n s e r t i n g   t h e   s p r i n g   w i t h  a s i m u l a t e d   b r a s s   d i o d e   r e s u l t s  
i n  a v o l t a g e   d r o p   o f  225 v o l t s  and a p u l s e   d u r a t i o n   a t   t h e   h a l f   a m p l i t u d e  
points  of  1.5  nanoseconds,  Figure  9a. It should be n o t e d   t h a t   t h e   s p r i n g   i n -  
d u c t a n c e   d o e s   c o n t r i b u t e   a p p r e c i a b l y   t o   t h e   v o l t a g e   d r o p ,   b u t  i t  i s   s i g n i f i c -  
a n t l y   l e s s   t h a n   f o r   t h e   c o a x i a l   t e e   m o d u l e  due t o   i t s   s h o r t e r   l e n g t h .  
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T e s t s   o f   t h e   5 - p o r t   m o d u l e   w i t h   t h e   T r a n s Z o r b   d e v i c e s  shows t h e   t u r n  up 
v o l t a g e   i s   p r i m a r i l y  due t o   t h e  module  spr ing.  The r e s u l t s   o f   t h e   t e s t s   w i t h  
t h e  GZ 41 11 6 L d i o d e   i n d i c a t e  a t u r n  up vo l tage   o f  225 v o l t s  , c l a m p   v o l t a g e   o f  
a f e w   v o l t s ,   a n d   p u l s e   d u r a t i o n   a t   h a l f   a m p l i t u d e   p o i n t s   o f   a p p r o x i m a t e l y  1.6 
nanoseconds,  Figure  9b. 

Coaxial  Tee  Module 

The r e s u l t s   o f   t h e  damped s i n u s o i d   t e s t s  on the   coax ia l   t ee   modu le   i nco r -  
p o r a t i n g  a s ing le   T ransZorb ,   t ype  GZ 60316 B y  a r e   p r e s e n t e d   i n   F i g u r e   1 0 .  
These t e s t s  w e r e   p e r f o r m e d   a t   t h r e e   f r e q u e n c i e s   o f   t h e   i n p u t   s i g n a l :   ( 1 )  1 
MHz, ( 2 )  10 MHz, and (3)  100 MHz. O n l y   d a t a   a t  1 MHz and  100 MHz a re   p re -  
sen t e d  . 

The d r i v i n g   s i g n a l   l e v e l  was 60 v 
100 MHz. These  were t h e  maximum d r i v e  
t h e   a m p l i f i e r .  The decay o f   t h e   s i g n a  
c y c l e s   t o   t h e  50 p e r c e n t   l e v e l .  

ol  t s   a t  1 MHz and 100 v o l t s   a t  10 and 

1 (damping) was c o n t r o l   l e d   t o  6 o r  8 
a v a i l a b l e   w i t h  minimum d i s t o r t i o n   f r o m  

The t e s t   r e s u l t s   f o r   t h e  GZ 60316 B d i o d e   ( u n i p o l a r )  show good  clamping 
a c t i o n   a t   t h e  12 V l e v e l   i n   t h e   r e v e r s e  breakdown d i r e c t i o n   a t  1 MHz, F i g u r e  
l o a .  A t  10 MHz, t h e   z e n e r   a c t i o n   i s   a p p a r e n t   b u t   t h e   s i g n a l   l e v e l  was reduced 
(10 v o l t s )  due t o   s i g n a l   s h u n t i n g   t h e   j u n c t i o n   c a p a c i t a n c e .  A t  100 MHz, no 
zener   ac t i on   t akes   p lace  due t o   s h u n t i n g   b y   t h e   j u n c t i o n   c a p a c i t a n c e  and t h e  
v o l t a g e   d r o p   i n   b o t h   d i r e c t i o n s   i s  due t o   t h e   s p r i n g   i n d u c t a n c e ,   F i g u r e   l o b .  
A t  1 and  10 MHz, t h e   v o l t a g e   d r o p   i n   t h e   f o r w a r d   d i r e c t i o n   i s  due t o   t h e  
sp r ing   i nduc tance .  

5-Port   Module 

The 5-port   module was a l s o   t e s t e d   u s i n g  damped s i n u s o i d   d r i v i n g   s i g n a l s  
a t   f r e q u e n c i e s  o f  1, and  10 MHz. 

The v o l t a g e   d r o p   a c r o s s   t h e   m o d u l e   w i t h   t h e   s p r i n g   i s   l o w e r   t h a n   i n   t h e  
case o f   t h e   c o a x i a l  modules,   Figure  9a.  This i s  due t o   l e s s   t o t a l   i n d u c t a n c e  
as was a l s o - s e e n   i n   t e r m s   o f   t h e   t u r n   u p   v o l t a g e   d u r i n g   t h e   P u l s e   T e s t   S e r i e s .  
V o l t a g e   d r o p s   w i t h o u t   t h e   s p r i n g   o f  0.6 and  1.5 v o l t s   a t  1 and 10 MHz, respec- 
t i v e l y .  

Tes ts   us ing   t he  GZ 60316 B d 
p r e v i o u s l y ,   F i g u r e s   l l a   a n d   l l b .  
a c i t i v e   s h u n t i n g  was o b s e r v e d   a t  
t h e   j u n c t i o n   c a p a c i t a n c e   s h u n t i n g  

i ode   were   ve ry   s im i l a r   t o   t hose   d i scussed  
Good c l a m p i n g   a c t i o n   w i t h   l i t t l e   o r   n o  cap- 

10 MHz. A t  10 Mhz , source   s igna l  loss due t o  
t h e   s i g n a l   i s   o b s e r v e d .  
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CONCLUSIONS AND RECOMMENDATIONS 

Based  on the   da ta   p resented   on   Pu lse   Tes t   Ser ies ,  it can  be  seen t h a t   t h e  
i n d u c t a n c e   o f   t h e   s p r i n g  and  module f o r   b o t h   t h e   c o a x i a l   m o d u l e s  and t h e  
5 - p o r t   m o d u l e   r e s u l t s   i n  a s i g n i f i c a n t   v o l t a g e   t u r n  up.  For f a s t   r i s i n g   ( 1 - 5  
K v / n s )   p u l s e s ,   t h i s   v o l t a g e  may range  f rom a few h u n d r e d   v o l t s   t o   t h e   k i l o v o l t s  
r a n g e ,   e s p e c i a l l y   i n   t h e   c a s e   o f   t h e   c o a x i a l   m o d u l e   w h i c h  has  more  inductance. 
The d u r a t i o n   o f   t h i s   v o l t a g e   s p i k e   i s   v e r y   s h o r t   f o r   t h e   T r a n s Z o r b s   t e s t e d  
( 2  nanoseconds o r  so) .  T h i s   v o l t a g e   s p i k e   i s   t h a t   w h i c h   w o u l d   a p p e a r   a t   t h e  
l o a d   t e r m i n a l s .   T h i s   d u r a t i o n   o f   v o l t a g e   s p i k e   i s   i n   t h e   s h o r t   p u l s e   r e g i m e  
fo r   semiconduc to r   j unc t i on  damage. T h a t   i s ,   t h e   f a i l u r e s   t o  be  expected i n  
most  cases f o r   p u l s e s   t h i s   s h o r t ,   a r e   v o l t a g e   b r e a k d o w n   t y p e   f a i l u r e s .  The 
l e v e l s  measured  wou ld   no t   resu l t  i n   f a i l u r e s   f o r  many semiconductor  devices.  
D e v i c e s   w h i c h   a r e   v e r y   s e n s i t i v e   t o   v o l t a g e   b r e a k d o w n   f a i l u r e s ,   s u c h  as un- 
p r o t e c t e d   i n s u l a t e d   g a t e   f i e l d   e f f e c t   t r a n s i s t o r s ,   m i g h t   e x p e r i e n c e  some 
problems,  however. It s h o u l d   a l s o   b e   n o t e d   t h a t   t h e   s p i k e   l e v e l  was e s s e n t i a l -  
l y  i n d e p e n d e n t   o f   t h e   T r a n s Z o r b   u t i l i z e d .   T h i s  was because  the  sp ike was due 
t o   t h e   h i g h   f r e q u e n c y   c u r r e n t s   t h r o u g h   t h e   s p r i n g .  The la rge   capac i t y   assoc -  
i a ted   w i th   t hese   d iodes   t ends   t o   shun t   t he   h igh   f requency   componen ts   ( t he   d iode  
appears as a s h o r t   t o   t h e   h i g h   f r e q u e n c i e s ) ,   r e s u l t i n g   i n   l a r g e   h i g h   f r e q u e n c y  
c u r r e n t s .   T h i s   s p i k e  may b e   l o w e r   f o r   l o w e r   c a p a c i t y   d e v i c e s .  

T e s t s   o f   b o t h   t h e   c o a x i a l  and 5 - p o r t   m o d u l e s   i n d i c a t e   t h a t   t h e  GZ 60316 B 
TransZorb  could  be  used i n   c i r c u i t s   o p e r a t i n g  up t o   a b o u t  10 MHz w i t h  a reas-  
o n a b l e   i n s e r t i o n   l o s s .   H i g h   c a p a c i t a n c e   d e v i c e s   s h o u l d   n o t   b e   u s e d   i n  RF c i r -  
c u i t s  above  approx imate ly  1 MHz i f  t h e   i n s e r t i o n   l o s s   i s   t o  be c o n t r o l l e d .  

I f  c i r c u i t s  employ h i g h l y   v o l t a g e   s e n s i t i v e   d e v i c e s   w h e r e   t h e   s p i k e   v o l t -  
ages r e p o r t e d   h e r e  may be   t roub lesome,   the   induc tance  o f   a l l   modu les   wou ld   have 
t o  be  reduced. Some r e d u c t i o n   i n   t h e   s p r i n g   i n d u c t a n c e   c o u l d  be  achieved  by 
u s i n g  a s p r i n g   w i t h   f e w e r   t u r n s  and l e s s   t o t a l   l e n g t h .   A n o t h e r  and b e t t e r  
approach  would  be  the  use  o f  a l o w   i n d u c t a n c e   f l a t   s p r i n g .  These m o d i f i c a t i o n s  
c o u l d   e a s i l y  be i n c o r p o r a t e d   i n   t h e   p r e s e n t   m o d u l e s   a t  a minimum  expense. 
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VERTICAL  SCALE 500 V O L T S  / D I V  
HORIZONTAL  SCALE I ns/ DIV  

Figure 7a.- Driving pulse - coax module. 

VERTICAL  SCALE 500 VOLTS/DIV 
HORIZONTAL  SCALE I ns /D iv .  

Figure 7b.- Driving pulse 5-port module. 
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ONE DUMMY  DIODE - L A R G E  S P R I N G  
VERTICAL  SCALE 200  VOLTS / D I V  
HORIZONTAL  SCALE I ns/ DIV  

Figure 8a.- Coaxial tee  module - short 
circuit conditions. 

VERTICAL  SCALE 200 VOLTS / D I V  
HORIZONTAL  SCALE 2 n s  / D I V  

Figure 8b.- Coaxial tee module - 
GZ 41 1 1  6 L TransZorb. 
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V E R T I C A L   S C A L E  100 VOLTS / DIV 
H O R I Z O N T A L   S C A L E  2 ns / D I V  

Figure 9a.- 5-port module - brass plug with spring. 

V E R T I C A L   S C A L E  5 0  V O L T S  / D I V  
H O R I Z O N T A L   S C A L E  2 n s  / D I V  

Figure 9b.- 5-port module - 
GZ 4116 L TransZorb. 
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VERTICAL  SCALE 5 V O L T S / D I V  
HORIZONTAL  SCALE 2 P S  / D I V  

Figure 10a.- Coaxial tee module - 
GZ 60316 B TransZorb - 1MHz. 

r 

L 

VERTICAL  SCALE 10 V O L T S / D I V  
HORIZONTAL  SCALE 2 0  ns / D I V  

Figure 1Ob.- Coaxial tee module - 
GZ 6031 6 B TransZorb - 100 MHz. 
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I v v u v u v u v v v v v w v v v v v  - 

V E R T I C A L   S C A L E  5 V O L T S /   D I V  
H O R I Z O N T A L   S C A L E  2 p ~  / D I V  

Figure  1la.- 5-port  module - 
GZ 60316 B TransZorb - 1 MHz. 

V E R T I C A L   S C A L E  5 V O L T S /   D I V  
H O R I Z O N T A L   S C A L E  0 . 2  p s / D I V  

Figure  1lb.-   5-port   module - 
GZ 6031  6 B TransZorb - 1 0  MHz. 
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SESSION VI - LIGHTNING AND STATIC INTERACTIONS WITH AIRCRAFT 
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DIRECT  EFFECTS OF LIGHTNING  ON AN AIRCRAFT  DURING 
INTENTIONAL  PENETRATIONS OF THUNDERSTORMS 

Dennis J. Musil  and  John  Prodan 
Institute of Atmospheric  Sciences 

South  Dakota  School  of  Mines  and  Technology 
Rapid  City,  South  Dakota  57701 

INTRODUCTION 

An  armored  T-28  aircraft  was  struck  by  lightning  on  two  different  days 
while  participating  in  the  1979  Severe  Environmental  Storm  and  Mesoscale 
Experiment  (SESAME)  in  Oklahoma.  The  T-28,  which is specially  armored  and 
instrumented,  was  making  intentional  penetrations of thunderstorms  and  was 
struck  twice on 30 May  1979  and  once on 5  June  1979.  Various  degrees  of 
damage,  mainly in the  form of large bum spots  and  holes,  resulted  to  the 
aircraft. 

T-28  SYSTEM 

The  T-28  is  a  low-wing  monoplane  with  a  radial  engine  and  tricycle 
landing  gear  (Fig. l), which  has  been  modified  to  make  safe  intentional 
penetrations  of  thunderstorms  and  hailstorms.  The  aircraft is owned  by  the 
State  of  South  Dakota  and  is  operated  by  the  Institute  of  Atmospheric  Sciences 
(US) at  the  South  Dakota  School  of  Mines  and  Technology.  The  modifications 
made  to  the  aircraft  (ref. 1) included  the  armoring  of  all  leading  edges, 
such  as  the  cowling,  wings  and  tail,  with  aluminum  thick  enough  to  withstand 
hailstones  up  to  about 7.5 cm  in  diameter.  The  original  bubble  canopy  was 
replaced  with  a  strengthened  one  which  included  a  2  cm  thick  acrylic  plastic 
windshield.  In  addition,  a  larger  engine  and  stronger  propellor  were 
installed  and  the  rear  seat  area  and  interior  compartments  were  stripped  to 
make  room for the  instrumentation  and  data  collection  system. 

The  T-28  is  equipped  with an elaborate  instrumentation  system  (Table 1) 
which  emphasizes  observations  of  the  cloud  microphysics,  but  also  provides 
measurements  of  temperature,  pressure,  vertical  air  motion,  turbulence,  and 
other  quantities  of  interest.  The  most  notable  items  in  the  system  include 
a  hail  spectrometer  developed  by  the IAS (ref. 2), a  Particle  Measuring  System 
(PMS)  Forward  Scattering  Spectrometer  Probe  (FSSP),  a PMS two-dimensional  (2-D 
PMS)  Optical  Array  Spectrometer  (ref. 3 ) ,  and  a  special  particle  camera  (ref. 4) 
developed  for  photographing  hydrometeors  in  flight. The  main  feature  of  the 
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da ta   acqu i s i t i on   sys t em is t h a t  i t  h a s   t h e   c a p a b i l i t y  of sampl ing   over   v i r tua l ly  
the  ent i re   hydrometeor   spectrum, as w e l l  as making a d i s t i n c t i o n  between the  
l i qu id   and   so l id   phases   o f  water. 

The main  purpose  of  the  development  of  the T-28 system was t o   o b t a i n  
prev ious ly   unavai lab le   observa t ions   f rom  the   in te r iors  of thunderstorms  and 
hai ls torms  on a r o u t i n e   b a s i s .  To da te ,   the  T-28 has made over 400 penetra- 
t i o n s  of active thunders torms   and   ha i l s torms   whi le   par t ic ipa t ing   in   var ious  
f i e l d  programs i n  Colorado,  Florida,  and Oklahoma. Although  the T-28 system 
has  never   been  instrumented  for  e lectr ical  measurements,  the severe na tu re  
of t h e   l i g h t n i n g   s t r i k e  damage and the  somewhat unusual  circumstances  sur- 
round ing   t he   s t r i kes ,  make i t  w o r t h w h i l e   f o r   r e p o r t i n g   t o   t h e   s c i e n t i f i c  
community. Furthermore,  the  hydrometeor  measurements  provide a da ta   source  
neve r   be fo re   ob ta ined   du r ing   l i gh tn ing   s t r ikes .  

DESCRIPTION  OF LIGHTNING STRIKES AND DAMAGE 

On 30 May 1979, t he  T-28 w a s  s t ruck   tw ice  by l i gh tn ing   wh i l e   pene t r a t ing  
a weak to  moderate  thunderstorm.  Four  penetrations were made on t h i s  day 
between 0850-1100 CST. The f irst  s t r i k e   o c c u r r e d  a t  about 092322 during 
Pene t r a t ion  1, and the   second  s t r ike   occur red  a t  100030 dur ing   Penet ra t ion  4.  
Nominal p e n e t r a t i o n   a l t i t u d e  was about  6.3 km MSL, which  corresponded t o  a 
temperature  of  about -15C. 

The p i l o t ' s   v i s u a l   o b s e r v a t i o n s  of t h e   s t r i k e s  were t h a t   t h e   b o l t   i n  
each case a p p e a r e d   t o   s t r i k e   t h e  hub of the   p rope l lo r  and moved immediately 
o u t   t o   t h e   p r o p e l l o r   t i p s   i n   s o r t  of   an  explosive  f lash  without   noise ,   which 
r e s u l t e d   i n  a s i n g l e   r i n g  of v i s i b l e   e l e c t r i c i t y .  Then t h e   l i g h t n i n g  moved 
10-15 c m  inboard of the   p rope l lor   t ips   forming  a second  r ing  with a l a t t i c e  
s t r u c t u r e  of v i s i b l e   e l e l c t r i c i t y  between the   r i ngs .  Some streamers extended 
rad ia l ly   ou tward   f rom  the   p rope l lor   t ips .  The phys ica l   s ensa t ion  of t he  
experience was a bump o r   j o l t ,  similar to   t ha t   o f   runn ing   ove r  a dead  animal 
on  the highway with  an  automobile.  

Visual  damage t o   t h e  aircraft  consis ted  of  numerous  burn s p o t s  and 
h o l e s ,   e s p e c i a l l y   a l o n g   t h e   t r a i l i n g   e d g e s   o f   t h e   a i r c r a f t .   I n  some cases ,  
t h e  metal vapor i zed   i n   shapes   t ha t   appea red   l i ke   t ee th  marks i n   t h e  f l aps ,  
aelerons,   rudder ,   and  e levator   sect ions  of   the  wings  (Figs .  2 and 3 ) .  The 
l a rges t   vapor i za t ions  were of   the  order   of  1 x 3 cm. Some r i v e t s  were fused 
a n d ,   i n  some cases, holes   about  3-4 mm o c c u r r e d   i n   t h e   s k i n  of t h e   a i r c r a f t ,  
such as the   t op   o f   t he   r i gh t   f l ap   (F ig .  4 )  and t h e  l e f t  s i d e   o f   t h e   a i r c r a f t .  
Each b lade  of the   p rope l lo r  had a vaporized  burn area on t h e   t r a i l i n g  edge 
n e a r   t h e   t i p .  

Later examinat ion   of   the   research   da ta   f rom  th i s   f l igh t  showed that 
t h e r e  were no apparent   adverse   e f fec ts   on   the   da ta   f rom  the   l igh tn ing   s t r ikes .  
The p i lo t ' s   r eco rded  comments made dur ing   the   pene t ra t ions   a l so   no ted  a 
s ta t ic  s q u e a l   i n   t h e   r a d i o s  which  began  approximately 25 sec p r io r   t o   each  
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s t r i k e  and l a s t e d   u n t i l   n e a r   t h e  time of  each  strike.   Additional  examples of 
t h e  damage will be shown d u r i n g   t h e   o r a l   p r e s e n t a t i o n  of the  paper.  

A s i n g l e   l i g h t n i n g   s t r i k e   o c c u r r e d  on t h e   a i r c r a f t  on 5 June 1979 
whi l e   pene t r a t ing  a smaller echo  which w a s  pa r t   o f  a much l a rge r   s to rm 
complex. The s t r i k e   o c c u r r e d  a t  111308 CST during  Penetrat ion 3, which  had 
a nominal   a l t i tude   o f  4.6 km MSL, which  corresponds t o  a temperature  of 
about -2C. A t o t a l   o f   e i g h t   p e n e t r a t i o n s  were accomplished  on t h i s  day. 

The s t r i k e  was v isua l ly   observed  by t h e   p i l o t  as he w a s  making a v i s u a l  
scan  of t h e  wing s t a t i c  discharge  wicks  during a per iod  of  s ta t ic  buildup 
i n   t h e  communications  equipment.  The s ta t ic  squeal  began  approximately 
30 sec p r i o r   t o   t h e  time of t h e  strike and  ended  near  the  occurrence of the 
s t r i k e .  The main l igh tn ing   channel   appeared   to   t e rmina te   on   the   r igh t  wing 
t i p  l igh tn ing   rod ,   a l though several o t h e r  streamers were n o t e d   i n   t h e   r i g h t  
wing t i p  area. Pos t - f l igh t   inspec t ion   revea led  1 2  cm of metal missing from 
t h e   t i p   o f   t h e   l i g h t n i n g   r o d ,  several (6-7) small p i t s  ahead  of   the  l ightning 
rod,   one  large (5-7 mm diameter)  welded  spot 5-8 cm a f t  of t h e  small p i t s ,  
and  burning  and  pi t t ing on  one propel lor   b lade .  Once again,  la ter  examination 
revealed no apparent   adverse  effects   on  the  data   being  gathered.  

Over 400 penetrations  have  been  accomplished  with  the T-28 system in 
pas t   f i e ld   s easons   i n   Co lo rado  and F lo r ida ,  as w e l l  as t h e   p e n e t r a t i o n s   i n  
Oklahoma as a par t  of SESAME. The only  apparent   l ightning damage o the r  
than  that   descr ibed  here ,   has   been  an  occasional   pinhole- type  bum mark. 
The s t a t i c   b u i l d u p  which  occurred i n   c o n j u n c t i o n   w i t h   e a c h   s t r i k e  i s  a 
common occurrence  during many pene t r a t ions ,   even   i n   qu i t e  small convective 
clouds  that   have  not  reached  the cumulonimbus s t age  of  development. 

The l i g h t n i n g   s t r i k e s   d e s c r i b e d   h e r e  were unusua l   i n   t he   s ense   t ha t  
each  s torm  being  penetrated  did  not   appear   to   be  very active by comparison 
wi th   o ther   s torms  that have  been  penetrated  with  the T-28, b o t h   i n  Oklahoma 
and   o ther  p a r t s  of the  country.   Several   have had an   even   g rea t e r   v i s ib l e  
e l e c t r i c a l   n a t u r e  and many were s t ronger   in   t e rms   of  vertical  ve loc i ty  
and   r e f l ec t iv i ty .   S ince  p a s t  l ightning  problems  have  been  very  minor,   there 
is a sugges t ion   tha t   the  Oklahoma clouds may b e   d i f f e r e n t ,  a t  least those  
c louds   where   t he   a i r c ra f t  was s t r u c k  by l i gh tn ing .   S ince   t he  T-28 hydrometeors 
ove r   v i r tua l ly   t he   en t i r e   spec t rum,  i t  is worthwhile  to  examine some of t h e  
observa t ions  made near   the  times of t h e   l i g h t n i n g   s t r i k e s .  

OBSERVATIONS NEAR THE TIME OF THE LIGHTNING STRIKES 

Some o f   t he   pe r t inen t   obse rva t ions  made wi th in  + lo  sec of t h e   l i g h t n i n g  
strikes desc r ibed   i n   t he   p reced ing   s ec t ion  are shown i n   T a b l e  2. A l l  of 
t he   l i gh tn ing   s t r ikes   occu r red   du r ing  morning  hours when normal  convective 
a c t i v i t y  is usua l ly   no t  so s t rong .   In   f ac t ,   t he   s to rms   be ing   i nves t iga t ed  
were n o t   p a r t i c u l a r l y   s t r o n g   o n   e i t h e r  day. 
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On 30 May, dur ing   the   pene t ra t ions   on   which   the   s t r ikes   occur red ,   the  
peak  updrafts  measured  14  and  16 m s-l, while the  downdrafts were -9 and 
-14 m s'l. The first l i g h t n i n g   s t r i k e  on 30 May occur red   nea r   t he   cen te r  
of t he   c loud ,   wh i l e   t he  minimum downdraf t   occurred  near   the end  of  the pene- 
t r a t i o n .  The peak  updraf t  was j u s t   o u t s i d e   t h e  10 sec limit imposed i n  
Table 2. The second  s t r ike   occur red  when t h e  aircraft was on a north- 
northeast   heading  through  the  cloud  and was approximately 30% through  the 
pene t r a t ion .  The extreme vertical v e l o c i t i e s  on this penet ra t ion   occur red  
about 6 min after t h e   s t r i k e   w i t h i n  a f e w  km of t h e  end  of  the  penetration. 

The storm on 5 June was much weaker  than  the  storm  on 30 May. The 
T-28 w a s  approximately 65% through  the  penetration  on  which  the  l ightning 
s t r i k e   o c c u r r e d .  The downdraf t   reported  in   Table  2 was the  minimum f o r   t h e  
pene t r a t ion ,   wh i l e   t he  maximum updraft ,   which w a s  only 6 m s'l, occurred 
about  1 min p r i o r   t o   t h e   s t r i k e .  

A cursory  check of t he   r ada r   da t a   fo r   each  day showed tha t   t he   s to rm 
on 5 June had tops  a t  about 8.2 km MSL, whi le   the   s torm on 30 May had tops 
t h a t  were i n  excess of 11 km MSL. R e f l e c t i v i t y   s t r u c t u r e   i n   e a c h   s t o r m  was 
r e l a t i v e l y  weak as convect ive   ac t iv i ty   goes .  The maximum r e f l e c t i v i t y   i n  
e i t h e r  case was only  about 45 dBz, wi th   the   h ighes t   va lues  found near   the  
ground. 

Spot  checks  from  the f o i l   i m p a c t o r   d a t a  showed the  hydrometeors   to   be 
o f   t he   o rde r  of 1-2 min wi th   concent ra t ions   o f  several hundred R - l .  The 
impr in ts  had a splat tered  appearance  and  looked somewhat f r a g i l e ,   i n d i c a t i n g  
low density  hydrometeors. The clouds  on  both  days were n o t e d   f o r   t h e i r   l a c k  
of   l iqu id   subs tance ,  a t  least at t h e   a l t i t u d e s  where  the T-28 was penet ra t ing .  
The predominant  habit  was rimed p a r t i c l e s  as ind ica t ed  by the  2-D PMS probe. 

The da ta   p resented   here  are only  prel iminary at t h i s  time. An a n a l y s i s  
o f   t he   da t a  is cu r ren t ly  underway  and r e s u l t s  will be   g iven   in  more d e t a i l  
du r ing   t he   p re sen ta t ion  of the  paper.  

SUMMARY 

This  paper  has  presented some e f f e c t s  of l i g h t n i n g  on a n   a i r c r a f t   d u r i n g  
in t en t iona l   pene t r a t ion   o f   t hunde r s to rms   i n  Oklahoma during SESAME 1979. 
The damage which  has  been  described was q u i t e  severe, espec ia l ly   cons ider ing  
t h e   r e l a t i v e l y  weak na tu re  of the  storms that were penetrated.  There were 
no  adverse effects no ted   i n   t he   da t a   be ing   ga the red  by the  T-28 a t  the  time 
of t h e   l i g h t n i n g   s t r i k e s .  

The hydrometeor  concentrations  near  the times of t h e   l i g h t n i n g   s t r i k e s  
were no t   unusua l ;   i n   f ac t ,   t hey  were q u i t e  similar t o   t h o s e  found i n   o t h e r  
par t s   o f   the   count ry .  The v a r i e t y  of i c e  crystal h a b i t s  was g r e a t e r   i n   t h e  
Oklahoma storms, but  any r e l a t i o n s h i p  between the  hydrometeors and the  
l i g h t n i n g   s t r i k e s  is unknown a t  t h i s  time. E f f e c t s  are no t   appa ren t   i n  
t he   da t a   ana lyzed  s o  far. The a n a l y s i s  work is continuing. 
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TABLE 1 

T-28 I n s t m e n t a t i o n  Complement 

Var iab le  

state: 
_. 

S t a r i c   R e s s u r e   ( A l t i t u d e )  

Total  Temperature 

Hydrometeors: 

Cloud d r o p l e t s  

Rain,  graupel, snow 

Hail 

Instrument 

Rosemount 1301-A-4-8 
Ball  Engineering EX-210-6 

Rosemount 10ZAUZAP. platinum  wire 
NCAR Reverse Flow, diode 

Aircraft   Navigation I Performance: 

Johnson-llilliams LRC 

P a r t i c l e  Measuring  Systems FSSP 

Killiamson  Foil  Impactor 
P a r t i c l e  Measuring  Systems OAP-ZD 
Cannon F a r t i c l e  Camera ( a l t e r n a t e s  

with  hail   spectrometer] 

IAS Laser l l a i l   Spec t rometer   (a l te r -  
nates  with Cannon camera) 

Att i tude  

Navigation 

Performance 

Servomechanisms 'IT641 angle-of -a t tack  

P i tch  (Humphrey v e r t i c a l l y - s t a b i l i r e d  

Roll  (Hmphrey v e r t i c a l l y - s t a b i l i z e d  

Yane 

accelerometer) 

accelerometer) 

NARC0 UDI-2ARD M E  
IAS Heading i n d i c a t o r  

CESSNA 400 DEI€ 
M C O  MK12 VOR (2  u n i t s )  
SARCO MAI'-122 VOR 

Ball  Engineering l O l A  variometer 

Rosemount 1301-0-1-8  dynamic pressure  

Hmphrey SA09-D0101-I r - e r t i c a l l y -  
N(aR True Airspeed Computer 

stabi1i:ed  accelerometer 
Giannini 45216YT manifold  pressure 

(rate-of-climb) 

(ind.  airspeed) 

Range of bleasurement 

0 t o   15  PSI 
0 t o  27.000 f c  (6 .2  km) E L S  

-25 t o  +2S°C 
-25 to +25pc 

c50 wn d i a   ( l i   u i d  only); 

3 t o  4 5  um d i a ;   ad jus t ab le  
0 t o  6 g 

1   t o  20 m d i a  

Apprax. 50 urn up 
31 t o  1000 u m  

4 . 5  t o  50+ m d i a  

-15 t o  +15' 

-50 t o  +so0 

-50 t o  +SO' 

0 t o  360' magnetic 
0 t o  100 n m i  
0 t o  100 n m i  

0 t o  360' from 
0 t o  360' from 

- 6 0 0 0  t o  r 6 0 0 0  f t  min-l 

- 3  t o  + 3  PSI 
(-30 t o  *30 m s") 

0 t o  250 knots (128 m 5 " ]  

-1 t o  * 3  g ' s  

0 t o  SO+ i n  Hg 

TABLE 2 

Observations Hade Near the Time of the L i g h t n i n g  S t r i k e s  

Hax Hi" ! - Date Time Al t i tude  
[cs?l [ m  HSL] ['C] U$r+ l )o~ ;ra f t  1 I G = l  Lw: 1 

30 Hey 092322 6211 -14.4 12 -6 c o . 1  

30 Hay 100030 6334 

5 June 111308 4660 - 2 . 2  
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Figure 1.- View of armored  T-28  aircraft  in  flight.  Cannon  camera  device 
consisting of white  pod  housing  film  transport,  rotating  mirror  and 
control  electronics,  and  black  flash  system  is  shown on the aircraft’s 
left wing. The reverse  flow  temperature  device  (with  exhaust  ports)  is 
outboard  from  the  Cannon  camera.  The FSSP and 2-D Particle  Measuring 
Systems  probes  are  shown on the  pylon  of  the  right  wing,  with  the foil 
impactor  located  between  the  probes.  Outboard  from  these  instruments 
are  the  angle-of-attack  and  the  Johnson-Williams  Liquid  Water  devices. 
(Photo  by  Roger  Rozelle - AOPA Pilot Magazine) 

Figure 2.- Lightning  damage on aileron. 
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Figure 3.- Lightning  damage on vertical stabilizer. 

Figure 4.- Hole from lightning on aileron. 
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STATE-OF-THE-ART  METHODS  FOR COMPUTING 

THE ELECTROMAGNETIC INTERACTION  OF  LIGHTNING W I T H  AIRCRAFT 

F. J. Er iksen   and  R. A. P e r a l a  
E l e c t r o   M a g n e t i c   A p p l i c a t i o n s ,   I n c .  

John C .  Corb in ,  Jr. , ASDIENAMA 
Wrigh t -Pa t t e r son  AFB, Ohio  45433 

INTRODUCTION 

The e l e c t r o m a g n e t i c   i n t e r a c t i o n   o f   l i g h t n i n g   w i t h   a i r c r a f t  i s  assuming 
more   impor t ance   fo r   modern   and   fu tu re   a i r c ra f t   because   o f  new t e c h n o l o g i c a l  
deve lopments   which   inc lude   the   use   o f   f ly -by  wire sys t ems ,   g raph i t e -epoxy  
c o m p o s i t e   s t r u c t u r e s ,   a n d   l o w   l e v e l   i n t e g r a t e d   c i r c u i t   d e v i c e s .  I t  i s  t h e r e -  
f o r e   d e s i r a b l e   t o   d e t e r m i n e  a c o s t   e f f e c t i v e  means f o r   c o m p u t i n g   e x t e r n a l   s u r -  
f a c e   c u r r e n t s   a n d   c h a r g e s   a n d   i n t e r n a l  w i r e  v o l t a g e s   a n d   c u r r e n t s  when t h e  
a i r c r a f t   i n t e r a c t s   w i t h  a l i g h t n i n g   e v e n t .   T h i s   i n t e r a c t i o n   e v e n t  i s  q u i t e  
complex  because i t  i n c l u d e s   t h e  case when t h e   a i r c r a f t  i s  a t t a c h e d   t o   t h e  
l e a d e r   o r   r e t u r n   s t r o k e   c h a n n e l  as w e l l  as when t h e   a i r c r a f t  is i n   t h e   n e a r  
o r   f a r   f i e l d s   o f  a n e a r b y   s t r o k e .  

S e v e r a l   e l e c t r o m a g n e t i c   i n t e r a c t i o n   c o d e s   h a v e   b e e n   d e v e l o p e d   t o   p r e d i c t  
t h e   r e s p o n s e   o f   a n   a i r c r a f t   i l l u m i n e d   b y  a n u c l e a r   e l e c t r o m a g n e t i c   p u l s e  
(NEMP). V a r i o u s   m a t h e m a t i c a l   t e c h n i q u e s   h a v e   b e e n   u s e d   a n d   i n c l u d e   f i n i t e  
d i f f e r e n c i n g ,   s o l u t i o n   o f   t h e  e l e c t r i c  o r   m a g n e t i c   f i e l d   i n t e g r a l   e q u a t i o n s ,  
a n d   o t h e r s .  They are  v a r i e d   i n   t h e i r   c o n p l e x i t y   a n d   a c c u r a c y ,   a n d  are u s u a l l y  
w r i t t e n   t o   s o l v e   t h e   p r o b l e m   o f   a n   a i r c r a f t   i n   f r e e   s p a c e   i l l u m i n e d  by a p l a n e  
wave. The o b j e c t i v e   o f   t h e   s t u d y   t o   b e   p r e s e n t e d   i n   t h i s   p a p e r  i s  t o   e v a l u a t e  
and   summar ize   ex i s t ing  NEMP coup l ing   codes   and   me thods   i n   v i ew  o f   t he i r   po ten -  
t i a l  a p p l i c a t i o n   t o   t h e   l i g h t n i n g / a i r c r a f t   i n t e r a c t i o n   e v e n t .  The d i f f e r e n c e s  
between NEMP a n d   l i g h t n i n g   i n t e r a c t i o n   w i t h   a i r c r a f t  are d i s c u s s e d   a n d   c r i t i c a l  
p a r a m e t e r s   p e c u l i a r   t o   l i g h t n i n g  are examined .   The   r e su l t s  o f  t h i s   s t u d y  may 
t h e n   b e   u s e d   t o   i d e n t i f y   a n  optimum e x t e r n a l   a n d   i n t e r n a l   c o u p l i n g   a p p r o a c h  
w h i c h   a d e q u a t e l y   d e s c r i b e s   t h e   l i g h t n i n g l a i r c r a f t   i n t e r a c t i o n   e v e n t .  

IMPORTANT  FEATURES  OF THE LIGHTNING ENVIRONMENT 

E l e c t r o m a g n e t i c   f i e l d   i n t e n s i t i e s   p r o d u c e d   b y   l i g h t n i n g   e v e n t s   ( e i t h e r  
n e a r - m i s s   o r   a t t a c h e d   s t r o k e )   c a n   b e   l a r g e r   t h a n   t h o s e   p r o d u c e d   b y  a h i g h  
a l t i t u d e   n u c l e a r   b u r s t  (NEMP). H o w e v e r ,   t h e   l i g h t n i n g   p r o c e s s e s  are g e n e r a l l y  
s l o w e r   t h a n   n u c l e a r   p r o c e s s e s  (-50 n s   v s  . -10 n s )  . '*e n e t   e f c e c t  i s  t h a t  
* This  work is s u p p o r t e d   b y   t h e  U.S. A i r  Force,  AFFDL, unde r   Con t rac t  Number 

--- "~ ~ - - " .- " . - .- - - "_ - . . .. 

F33615-79-C-3412. 
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d e r i v a t i v e s   a s s o c i a t e d   w i t h   l i g h t n i n g   e v e n t s   c a n   b e   l a r g e r   t h a n   t h o s e   a s s o c i -  
a t e d   w i t h  NEMP, a1 though  perhaps  not   most   of   the  time. I n   t h e   f o l l o w i n g   d i s -  
c u s s i o n   o f   t h e   l i g h t n i n g   e n v i r o n m e n t ,   a t t e n t i o n  w i l l  b e   f o c u s e d   o n   t h e   f i e l d s  
d u r i n g   l e a d e r   a t t a c h m e n t ,   t h e   f i e l d s   d u r i n g   r e t u r n   s t r o k e   c u r r e n t   f l o w   i n   t h e  
a i r c r a f t ,   a n d   t h e   e f f e c t   o f  a non- l inear  a i r  c o n d u c t i v i t y   o n   t h e s e   f i e l d s .  

The t h r e a t   t o   a n   a i r c r a f t   f r o m   a n   a t t a c h e d   s t r o k e   b e g i n s  when t h e   a i r c r a f t  
e n t e r s  a h igh   ambient  s t a t i c  f i e l d   r e g i o n ,   t y p i c a l l y   o n   t h e   o r d e r   o f  10-100 
kV/m. The e f f e c t   o f   t h i s   f i e l d  i s  t o   p o l a r i z e   t h e   a i r c r a f t .  The n e x t   e v e n t  
i s  the   format ion   of  a s tepped   leader   which   propagates   f rom  the   c loud   toward  
t h e   a i r c r a f t .  A s  t h i s   l e a d e r   a p p r o a c h e s ,  i t s  h i g h   p o t e n t i a l   c a u s e s   t h e   a i r -  
c r a f t   t o   p o l a r i z e   f u r t h e r   u n t i l   t h e   f i e l d s  a t  t h e   e x t r e m i t i e s  become l a r g e  
enough  to  produce  corona  and streamers. T h e   s t e p p e d   l e a d e r   a t t a c h e s   t o   o n e   o f  
t h e s e   s t r e a m e r s   a n d   c h a r g e   f l o w s   o n t o   t h e   a i r c r a f t   i n  much t h e  same manner as 
a c u r r e n t   s o u r c e   c h a r g e s  a c a p a c i t o r .   T h i s   c h a r g i n g m a y l a s t   f o r  as l o n g   a s  
severa l   hundred   nanoseconds .  The a i r c r a f t  w i l l  c o n t i n u e   t o   c h a r g e   u n t i l   n o r m a l  
e l ec t r i c  f i e l d   l e v e l s  on t h e  a i r c ra f t  s u r f a c e   e x c e e d  a i r  breakdown levels 
(-1 t o  3 MV/m).  When th is   happens ,   corona   and  streamers a g a i n   f o r m   a t   v a r i o u s  
l o c a t i o n s  on t h e   a i r c r a f t   s u r f a c e ,   a n d   e v e n t u a l l y ,  a t  l ea s t  one  of   the stream- 
ers w i l l  f o rm  the   con t inua t ion   o f   t he   s t epped   l eade r   wh ich   p ropaga te s   t o   t he  
e a r t h ' s   s u r f a c e .  E lec t r ic  f i e l d   c h a n g e s   d u r i n g   t h i s   c h a r g i n g  time may exceed 
l o u  (V/m)/sec.  We n o t e   t h a t   d e s p i t e   t h e   i m p o r t a n c e   o f  a E / a t  few  measurements 
o r   c a l c u l a t i o n s   h a v e   b e e n   p e r f o r m e d   t o   e v a l u t a t e   t h i s   p a r a m e t e r   q u a n t i t a t i v e l y .  

A f t e r   t h e   s t e p p e d   l e a d e r   h a s   p a s s e d   t h r o u g h   t h e   a i r c r a f t   a n d   a t t a c h e d   t o  
a streamer nea r   t he   g round ,  a l a r g e   r e t u r n   s t r o k e   c u r r e n t   f l o w s  up the   channe l  
t o w a r d s   t h e   a i r c r a f t .   D u r i n g   t h i s   p r o c e s s ,   t h e   r e t u r n   s t r o k e   " d r a i n s "   t h e  
cha rge   ou t   o f   t he   co rona   shea th   wh ich   su r rounds   t he   l eade r   channe l .  When t h e  
r e t u r n   s t r o k e   r e a c h e s   t h e   a i r c r a f t ,   c h a r g e   f r o m   c o r o n a   r e g i o n s  on t h e   a i r c r a f t  
i s  a l s o   d r a i n e d   i n t o   t h e   c h a n n e l ,   a n d   i n   t h i s   s e n s e   t h e   a i r c r a f t  may be  viewed 
as a n   e x t e n s i o n   o f   t h e   i o n i z e d   l e a d e r   c h a n n e l .  

The t h r e a t   f r o m   t h e   a t t a c h e d   s t r o k e   c u r r e n t   a r i s e s   f r o m   m a g n e t i c a l l y   i n -  
duced EMFs i n   t h e   i n t e r n a l   w i r i n g   o f   t h e   a i r c r a f t .   M a g n e t i c   f i e l d s   i n t e r n a l  
t o   t h e   a i r c r a f t  ar ise  e i t h e r  by d i f f u s i o n   o r   b y   p e n e t r a t i o n   t h r o u g h   a p e r t u r e s .  
The d i f f u s i o n   c o u p l e d   i n t e r n a l   v o l t a g e s   a r e   i n d e p e n d e n t   o f  a i / a t  due t o  a rela- 
t i v e l y   l o n g   d i f f u s i o n  t i m e ,  b u t   t h e   a p e r t u r e   c o u p l e d   f i e l d s  are n o t   l i m i t e d  
and are p r o p o r t i o n a l   t o  a i / a t .  An estimate o f  a i / a t  can b e  made us ing   in forma-  
t i o n  on r a d i a t i o n   f i e l d  risetimes. Recen t   da t a  show t h e  maximum va lues   o f  
a i / a t  a r e   p r o b a b l y   i n   t h e   r a n g e   o f  3 ~ 1 0 ~ ~  t o  l o u  amps/sec.  

F i n a l l y ,   t h e   v a l u e s   o f   t h e   f i e l d s   n e a r   t h e   a i r c r a f t   s u r f a c e  w i l l  be  
a f f e c t e d   b y   t h e   c o n d u c t i v i t y   o f   t h e   s u r r o u n d i n g   a i r .   B e c a u s e   t h e   f i e l d s  w i l l  
o f t e n   b e   l a r g e  enough t o   i o n i z e   a i r ,  a proper   coupl ing   model   should   inc lude  
t h i s   e f f e c t .  In p a r t i c u l a r ,   t h e   c h a r g i n g   a n d   d i s c h a r g i n g  times f o r   t h e  a i r -  
c r a f t  are determined  by a i r  b reakdown  e f f ec t s .  The n o n - l i n e a r i t y   o f   t h e s e  
p r o c e s s e s   h a s   i m p o r t a n t   i m p l i c a t i o n s   i n   t h e   c h o i c e   o f   a n   e x t e r n a l   c o u p l i n g  
model. 

3 72 



EXTERNAL COUPLING MODELS 

I n   t h i s   s e c t i o n  w e  review n u c l e a r   e l e c t r o m a g n e t i c   p u l s e  (NEMP) e x t e r n a l  
c o u p l i n g   m o d e l s .   I n   c o n t r a s t   t o   o t h e r  reviews ( r e f .  1)  NEMP methods are con- 
s i d e r e d   s p e c i f i c a l l y   f r o m   t h e   p o i n t   o f  view o f   l i g h t n i n g l a i r c r a f t   i n t e r a c t i o n  
problems. A good summary of   the  NEMP l i t e r a t u r e   c a n   b e   f o u n d   i n  I E E E  Trans- 
a c t i o n s   ( r e f .  2) d e v o t e d   e x c l u s i v e l y   t o   t h e s e   p r o b l e m s .  

Fo r   ou r   pu rposes ,   t he   ex t e rna l   coup l ing   p rob lem i s  t h e   d e t e r m i n a t i o n   o f  
t h e   e x t e r i o r   s u r f a c e   c h a r g e   a n d   s u r f a c e   c u r r e n t   d i s t r i b u t i o n s   i n d u c e d   o n   a n  
a i r c r a f t   e i t h e r  b y   t h e   e l e c t r o m a g n e t i c   f i e l d s   w h i c h   o c c u r   d u r i n g  a l i g h t n i n g  
e l e c t r o m a g n e t i c   p u l s e  (LEMP), o r ,  b y   t h e   d i r e c t   t r a n s f e r   o f   c h a r g e   w h i c h  
o c c u r s   d u r i n g   a n   a t t a c h e d   l i g h t n i n g   e v e n t .  

The f i r s t  method w e  w i l l  d i s c u s s   u s e s  a f i n i t e   d i f f e r e n c e   a p p r o x i m a t i o n  
t o   s o l v e  Maxwell's e q u a t i o n s   ( d i f f e r e n t i a l   f o r m ) .  Two approaches  have  been 
developed,   one  by  Taflove  and  Brodwin  ( ref .  3 )  and  another   by  Holland  and 
o t h e r s   ( r e f .  4 ) .  The l a t t e r  is  embodied i n  a computer   code  cal led THREDE. 
The two a p p r o a c h e s   d i f f e r   s l i g h t l y   i n   t h e i r   t r e a t m e n t   o f   b o u n d a r y   c o n d i t i o n s  
b u t   f o r   a l l   p r a c t i c a l   p u r p o s e s   a r e   t h e   s a m e .  THREDE has   been  used  more  ex-  
t e n s i v e l y   t o   a n a l y z e   t h e   p u l s t   r e s p o n s e s   o f   a i r c r a f t ,   w h e r e a s   T a f l o v e ' s   m e t h o d  
has   been   app l i ed   t o   t he   s inuso ida l   r e sponse   o f   va r ious   i nhomogeneous   sys t ems .  
Examples   o f   the   phys ica l   reso lu t ion   ob ta ined   wi th  THREDE a r e  shown i n   F i g u r e s  
1 and 2 .  S t u d i e s   o f   t h e  NEW response  of t h e  B-52, A6 and F l l l  ( r e f s .  5 ,  6 ) ,  
and   o f   t he   l i gh tn ing   r e sponse   o f   t he  ADCA ( r e f .  7 ) ,  have  been made u s i n g  
THREDE. T a f l o v e ' s   w o r k   h a s   b e e n   r e s t r i c t e d   t o  a few m i s s i l e - l i k e   s t r u c t u r e s  
( r e f .  8 ) .  

T h r e e - d i m e n s i o n a l   v e r s i o n s   o f   f i n i t e   d i f f e r e n c e   c o d e s   r e q u i r e   l a r g e  com- 
p u t e r   s t o r a g e   a n d   a r e   e x p e n s i v e   i f   a p p l i e d   t o   a n y   r e a s o n a b l e   s i z e d   p r o b l e m .  
However ,   the   method  has   the  special   advantage o f  b e i n g   a b l e   t o   t r e a t  inhomo- 
g e n i e t i e s   a n d   n o n - l i n e a r i t i e s   i n  a s t r a i g h t f o r w a r d  way.  Most o t h e r   m o d e l l i n g  
approaches are r e s t r i c t e d   t o   l i n e a r   p r o b l e m s .  

I n t e g r a l   e q u a t i o n   m e t h o d s   g e n e r a l l y   i n v o l v e   e i t h e r   t h e  e l e c t r i c  f i e l d  
i n t e g r a l   e q u a t i o n   ( E F I E ) ,   t h e   m a g n e t i c   f i e l d   i n t e g r a l   e q u a t i o n   ( M F I E ) ,   o r  
b o t h .  The two  methods, EFIE and MFIE, t e n d   t o   b e   u s e d   f o r   m u t u a l l y   e x c l u s i v e  
k inds   o f   geomet ry   ( r e f .  9 ) .  The EFIE, for   example ,  i s  m o s t   o f t e n   u s e d   i n  
m o d e l l i n g   t h i n ,   c y l i n d r i c a l   s h a p e s   s u c h  as a n t e n n a s ,   o r   f l a t ,   o p e n   s u r f a c e s ,  
a l t h o u g h   r e c e n t l y   W i l t o n   h a s   d e v e l o p e d   a n   e f f i c i e n t  way o f   t r e a t i n g   c l o s e d  
s u r f a c e s   ( r e f .  1 0 ) .  The MFIE on   the   o ther   hand  i s  u s e d   f o r   l a r g e ,   c l o s e d  
s u r f a c e s   s u c h   a s   s p h e r e s   o r   f a t   c y l i n d e r s .  

E F I E  methods w e  have  reviewed  are:  1) the  Antenna  Modelling  Program (A") 
( r e f .  l l ) ,  2) WIRANT ( r e f .  1 2 ) ,  3 )  Ohio S ta te  Code ( r e f .  13 ) ,  4) CHAOS ( r e f .  
1 4 )  , 5) the  Thin-Wire Time-Domain  Code (TWTD) ( r e f .  15),  and 6)  Wil ton 's   method 
f o r   s u r f a c e s .  All of   t he   codes   excep t   fo r   Wi l ton ' s   i nco rpora t e   t he   t h in -wi re  
approx ima t ion ,   t ha t  i s ,  c u r r e n t s   a n d   c h a r g e s  are assumed t o  r e s i d e   o n   t h i n ,  
wire s e g m e n t s   a n d   o n l y   a x i a l   c u r r e n t s  are assumed t o   e x i s t   f o r   e a c h   s e g m e n t .  
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To model a s u r f a c e ,   t h e r e f o r e ,   t h e s e   c o d e s   m u s t   a n a l y z e  a w i r e  g r i d   r e p r e s e n -  
t a t i o n   o f   t h e   s u r f a c e .  An example  of a w i r e  g r i d   m o d e l   u s i n g  W I W T  is shown 
i n   F i g u r e  3. Wire g r i d   m o d e l l i n g  i s  known t o   h a v e   b a s i c   l i m i t a t i o n s   e s p e c i a l -  
l y  a t  l o w   f r e q u e n c i e s   ( r e f .  16) .  A l t h o u g h   a n   i n t e l l i g e n t   c h o i c e  of t h i s   g r i d  
r e d u c e s   t h e   l o w   f r e q u e n c y   e r r o r ,   t h e   p r o b l e m   r e m a i n s   s i g n i f i c a n t   b e c a u s e  
l i g h t n i n g   f i e l d s   h a v e  a s u b s t a n t i a l  component i n   t h e   l o w   f r e q u e n c y   r e g i m e .  
I n   a d d i t i o n   t o   t h e  wire g r id   mode l l ing   p rob lem,  a l l  t h e   c o d e s   e x c e p t  'IWTD 
so lve   t he   coup l ing   p rob lem  in   t he   f r equency   domain   and  s o  must   de te rmine   the  
pu l se   r e sponse   by   Four i e r   convo lu t ion .   Thus ,   on ly   l i nea r   p rob lems   can   be  
a d d r e s s e d   e a s i l y   b y   t h e   m a j o r i t y   o f   t h e  EFIE methods.  

Work u s i n g   t h e  MFIE method  has   been   repor ted   by :  1) B e n n e t t   ( r e f .  17)  , 
2) P e r a l a   ( r e f .  I S ) ,  and 3)  S a n c e r   ( r e f .  19) .  S a n c e r   h a s   s t u d i e d  a model 
a i r c r a f t ,  shown i n   F i g u r e  4 ,  w h i c h   h a s   e l l i p t i c a l   c r o s s - s e c t i o n  members. H i s  
method  uses a v a r i a b l e   p a t c h i n g   s c h e m e   t o   r e p r e s e n t   t h e   a i r c r a f t   s u r f a c e s .  
Benne t t ' s   and   Pe ra l a ' s   work   have   been   app l i ed   mos t ly   t o   s imp le   geomet r i c  
shapes   such  as spheres   and   cy l inders .   Bennet t ' s   work   has   been   a imed a t  d e t e r -  
m i n i n g   r a d a r   c r o s s - s e c t i o n s .   A l t h o u g h   h i s   r e s u l t s   f o r   f a r - f i e l d s   c o m p a r e  
favorably   wi th   o ther   methods   and   wi th   exper iments ,  w e  n o t e   t h a t   f a r - f i e l d  
c a l c u l a t i o n s  are n o t   a l w a y s   s e n s i t i v e   t o   t h e   n e a r - f i e l d   e f f e c t s   r e q u i r e d   i n  a 
c o u p l i n g   a n a l y s i s .   P e r a l a   h a s   d e t e r m i n e d   t h e   s u r f a c e   c u r r e n t s   o n  a c y l i n d e r  
w i t h  a l e n g t h   t o   d i a m e t e r   r a t i o  o f  a b o u t   u n i t y .   P e r a l a   a n d   B e n n e t t   u s e  MFIE 
f o r   s o l u t i o n   i n   t h e  t i m e  domain ,   a l though  ne i ther   approach  i s  e a s i l y   a d a p t a b l e  
to   non-l inear   or   inhomogenous  problems.   Sancer 's   work i s  i n   t h e   f r e q u e n c y  
domain  and so is l i m i t e d   t o   l i n e a r   p r o b l e m s .  

E f f o r t s   t o   i n t e g r a t e   b o t h  EFIE and MFIE s o l u t i o n s   h a v e   r e s u l t e d   i n   s e v e r -  
a l  hybr id   codes .  One h y b r i d   c o d e ,   c a l l e d  AMP2 ( r e f .  ZO), u s e s   t h e  EFIE t h i n -  
wire code AMP and  appends a MFIE s o l u t i o n   t o  t rea t  s u r f a c e s .  An improved 
v e r s i o n   o f  AMP2 i s  ca l l ed   t he   Numer ica l   E lec t romagne t i c  Code (NEC) ( r e f .  2 1 ) .  
Both AMP2 and NEC have   been   used   for   p roblems  such  as t h e   d e t e r m i n a t i o n   o f  
r a d i a t i o n   p a t . t e r n s   f r o m   a n t e n n a s   n e a r   c o n d u c t i n g   o b j e c t s .   A n o t h e r   h y b r i d   c o d e ,  
used  by  Bennett ,  i s  based  on t h e  MFIE and  appends  an EFIE s o l u t i o n   f o r   t h i n  
p l a n a r   s u r f a c e s .   W i t h   t h i s   c o d e ,   f a r - f i e l d   r e s p o n s e s   h a v e   b e e n   c a l c u l a t e d   f o r  
a i r c r a f t   s h a p e d   o b j e c t s   s u c h   a s   t h o s e   i n   F i g u r e s   5 ( a ) -   ( d )  . Measurements  on 
scale models   have  agreed well w i t h   t h e s e   c a l c u l a t i o n s   ( r e f .  2 2 ) .  

A somewhat   un ique   approach   ca l led   the   s ingular i ty   expans ion   method (SEM) 
( r e f .  23) has   been  developed  by Baum a n d   o t h e r s .  I t  was r e c o g n i z e d   t h a t   t h e  
damped s i n u s o i d a l   r e s p o n s e   o f  many a i r c r a f t   t o  NEW e x c i t a t i o n   i m p l i e d  a 
f requency   domain   response   cons is t ing   o f  a few  s imple   po les .   This  way of 
wr i t i ng   t he   r e sponse   summar ized   t he   NEMP/a i r c ra f t   ex t e rna l   coup l ing   i n  a con- 
c ise  and   e l egan t   way ,   and   ca l cu la t ions   have   been   pe r fo rmed   u s ing   i n t eg ra l  
e q u a t i o n   f o r m u l a t i o n s  t o  ge t   . t he   po le s   and   r e s idues   d i r ec t ly .   However ,  SEM 
c a l c u l a t i o n s  are done i n   t h e   f r e q u e n c y  domain  and  pulse   responses   must   be 
de te rmined   by   Four ie r   convolu t ion .  Thus SEM can t r ea t  o n l y   l i n e a r   p r o b l e m s .  

Two o ther   methods   have   been   cons idered .   In   one   method,  para l le l  wire 
segments   have   been   used   to   model   sur faces   ( re f .  2 4 ) ,  a n d   t h e   c u r r e n t   d i s t r i -  
b u t i o n   i n   t h e  wires, as w o u l d   r e s u l t   f r o m   a n   a t t a c h e d   s t r o k e ,   h a s   b e e n   d e t e r -  
mined  by a c o m b i n a t i o n   o f   r e s i s t i v e   a n d   i n d u c t i v e   e f f e c t s .   S u c h  a model i s  
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u s e f u l   f o r   d e t e r m i n i n g   t h e   l o w   f r e q u e n c y   B - f i e l d   p e n e t r a t i o n   o f   s u r f a c e s ,  
e i t h e r   b y   s k i n   d i f f u s i o n   o r   t h r o u g h   a p e r t u r e s ,   a n d   h a s   b e e n   u s e d   s u c c e s s f u l l y  
by   Burrows  ( re f .  25) t o   p r e d i c t   B - f i e l d   i n d u c e d   v o l t a g e s   i n  a l i g h t n i n g  simu- 
l a t i o n .  A second  method  which i s  c u r r e n t l y   u n d e r   i n v e s t i g a t i o n   r e p r e s e n t s  a 
s u r f a c e   b y   a n   e q u i v a l e n t   c i r c u i t   w i t h   c u r r e n t   o r   v o l t a g e   s o u r c e s .   P r o v i d e d  
tha t   r ea sonab le   r ep resen ta t ions   o f   su r f aces   can   be   found ,   t he   me thod   wou ld  
have   s eve ra l . advan tages ,   name ly :  1) s i m p l i c i t y   o f   m o d e l   c o n s t r u c t i o n ,  2 )  w e l l  
deve loped   compute r   a lgo r i thms   fo r   numer i ca l   so lu t ion ,   and  3 )  t h e   a b i l i t y   t o  
i n c l u d e   n o n - l i n e a r   e f f e c t s  i n  a simple  manner.  

The accompanying  Table I compares   mos t   o f   the   ex te rna l   coupl ing   methods  
d i s c u s s e d   i n   t h i s   s e c t i o n .   F o r   e a c h   m e t h o d  w e  h a v e   l i s t e d   i n f o r m a t i o n   o n   t h e  
compute r   r equ i r emen t s ,   t he   u se r   o r i en ta t ion ,   t he   mode l   accu racy ,   t he   f r equency  
limits o f   t h e   c o d e ,   w h a t   a i r c r a f t   h a v e   b e e n   s t u d i e d ,   a n d   u n d e r  a heading   of  
s p e c i a l   r e q u i r e m e n t s ,   w h e t h e r   t h e   c o d e   c a n .  treat non-l inear   problems,   whether  
i t  c a n   a n a l y z e   a n   a t t a c h e d   s t r o k e ,   w h e t h e r  i t  c a n   i n c o r p o r a t e   t h e   n e a r   f i e l d s  
p o s s i b l e   i n  LEMP, and   whether  i t  can  treat s u r f a c e   c u r r e n t   i n j e c t i o n  
( l i g h t n i n g   s i m u l a t i o n )  . Although THREDE i s  a l a rge   code ,   and  i s  r e s t r i c t e d   t o  
lower   f r equenc ie s ,  i t  can  treat  n o n - l i n e a r i t i e s   a n d   i n h o m o g e n e i t i e s .  WIRANT 
i s  a smaller c o d e ,   b u t   h a s   t h e   l o w   f r e q u e n c y   d i f f i c u l t i e s   o f  wire g r id   mode l s  
and  can  only t r ea t  l i n e a r   p r o b l e m s .  

INTERNAL. COUPLING  METHODS 

We h a v e   a l s o   i n v e s t i g a t e d  NEMP i n t e r n a l   c o u p l i n g   m o d e l s ,   t h a t  i s ,  methods 
f o r   c a l c u l a t i n g   t h e   v o l t a g e s   a n d   c u r r e n t s   o n   e l e c t r i c a l / e l e c t r o n i c   w i r i n g   i n -  
s i d e   t h e   a i r c r a f t   g i v e n   t h e   d i s t r i b u t i o n   o f   e x t e r n a l   s u r f a c e   c u r r e n t   a n d  
c h a r g e .   F i e l d s   f r o m   t h e   e x t e r n a l   s u r f a c e   p e n e t r a t e   t h e   a i r c r a f t   s k i n   t h r o u g h  
a p e r t u r e s   ( e . g . ,   w i n d o w s ) ,   d e l i b e r a t e   a n t e n n a s ,   c r a c k s   a n d  seams i n   t h e  a i r -  
c r a f t   s k i n ,   a n d  by d i f f u s i o n   d i r e c t l y   t h r o u g h   t h e   s k i n .   F o r   a n y   p e n e t r a t i o n ,  
t h e   c o u p l i n g   o f   t h e   f i e l d s   t o  the i n t e r n a l   w i r i n g   c a n   b e   r e p r e s e n t e d   b y   e q u i v -  
a l e n t   s o u r c e s   t h a t   d e p e n d   o n   t h e   g e o m e t r y   o f   t h e   p e n e t r a t i o n   o n   t h e   e x t e r n a l  
f i e l d s .   I n   p r i n c i p l e ,   m u l t i c o n d u c t o r   t r a n s m i s s i o n   l i n e   t h e o r y   c a n   b e   u s e d   t o  
p r e d i c t   t h e   v o l t a g e   a n d   c u r r e n t  levels  a t  po in t s   r emote   f rom  the   coup l ing  
r e g i o n ;   h o w e v e r ,   b e c a u s e   o f   t h e   d i f f i c u l t y   i n   m o d e l l i n g   a i r c r a f t   w i r i n g   p r e -  
c i s e l y ,  a more e f f i c i e n t   m e t h o d   m i g h t   b e   t o   s t a t i s t i c a l l y   p r e d i c t   v o l t a g e  
a n d   c u r r e n t   l e v e l s .  

R e f e r e n c e s   t o   g e n e r a l   i n t e r n a l   c o u p l i n g   p r o b l e m s ,   a p e r t u r e s ,   d e l i b e r a t e  
a n t e n n a s ,   a n d   m u l t i c o n d u c t o r   t r a n s m i s s i o n   l i n e   t h e o r y   c a n   b e   f o u n d   i n   t h e  
IEEE T r a n s a c t i o n s   d e v o t e d   t o  N E W  ( r e f .  2 ) .  Our d i s c u s s i o n   h e r e  w i l l  b e  
c o n c e r n e d   w i t h   a p e r t u r e s ,   d e l i b e r a t e   a n t e n n a s ,   f i e l d   p e n e t r a t i o n   t h r o u g h  
cracks   and  seams i n   t h e   a i r c r a f t   s k i n ,   a n d   m u l t i c o n d u c t o r   t r a n s m i s s i o n   l i n e  
theory .  

Aper tures  

We w i l l  d e n o t e   b y   t h e   w o r d   " a p e r t u r e "   p e n e t r a t i o n s   s u c h  as c o c k p i t s ,  
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windows,  doors,  wheel wells, bomb b a y s ,   s l o t s ,   a n d   o t h e r   o p e n i n g s   s u c h  as 
o c c u r   b e h i n d   e x t e n d e d   c o n t r o l   s u r f a c e s ,   b u t   e x c l u d e   c r a c k s   a n d  seams f o r  a 
s e p a r a t e   d i s c u s s i o n .   S e v e r a l  art icles d e s c r i b i n g   t h e   c a l c u l a t i o n  of f i e l d s  
b e h i n d   a p e r t u r e s   a p p e a r   i n   r e f e r e n c e  2 , a n d   B r i t t i n g h a m   ( r e f . 2 6 )   h a s   w r i t t e n  
a review o f   t h i s   s u b j e c t .  

A g e n e r a l   a p e r t u r e   p r o b l e m ,  shown i n   F i g u r e   6 ,   i n c l u d e s  a s c r e e n  S i n  
wh ich   t he   ape r tu re  A a p p e a r s ,   a n d   a n   e n c l o s u r e  E b e h i n d   t h e   a p e r t u r e   w i t h  
conductors  ci i n s i d e   t h e   e n c l o s u r e .  The problem i s  t o   c a l c u l a t e   t h e   f i e l d s  
i n s i d e   t h e   e n c l o s u r e   a n d   t h e   c u r r e n t s  on t h e   c o n d u c t o r s  C .  when a n   e l e c t r o -  
m a g n e t i c   f i e l d  is  i n c i d e n t   o n  A f rom  ou t s ide .  

1 

Among the   mos t   soph i s t i ca t ed   me thods  are o n e s   b a s e d   o n   i n t e g r a l   o r   i n t e g r o -  
d i f f e r e n t i a l   e q u a t i o n s   f o r   t h e  unknown f i e l d s   o r   c u r r e n t s .   T h i s   t y p e   o f   s o l u -  
t i o n   c a n   b e   a p p l i e d   t o   v e r y   g e n e r a l   p h y s i c a l   s h a p e s ,   a l t h o u g h   f i n i t e   c o m p u t e r  
memories l i m i t  t h e   n u m e r i c a l   s o l u t i o n   t o   s i m p l e   s h a p e s   s u c h  as s l o t s .   I n   t h e  
f o l l o w i n g ,  w e  d i s c u s s   s i x   i n t e r n a l   e q u a t i o n   m e t h o d s   f o r   t r e a t i n g   a p e r t u r e  
problems. All s i x   s o l v e   t h e   p r o b l e m   i n   t h e   f r e q u e n c y   d o m a i n .  

In   one   me thod   deve loped   by   Bu t l e r   and   Umashanker   ( r e f .27 ) ,   coup led  
i n t e g r a l   e q u a t i o n s  are d e r i v e d   f o r   t h e   c u r r e n t   o n  a s i n g l e   f i n i t e  wire segment 
l o c a t e d   b e h i n d   a n   a r b i t r a r i l y   s h a p e d   a p e r t u r e   i n  a p l ane   conduc t ing   s c reen .  
The e q u a t i o n s   h a v e   b e e n   s o l v e d   n u m e r i c a l l y   i n   t h e   c a s e   o f  a s l o t   a p e r t u r e ,   a n d  
e x t e n s i v e   r e s u l t s   h a v e   b e e n   g i v e n   f o r   c u r r e n t   d i s t r i b u t i o n s   o n   t h e  wire as a 
f u n c t i o n   o f  w i r e  l e n g t h ,   s l o t   l e n g t h ,  wire p o s i t i o n ,   a n d  wire o r i e n t a t i o n .  

Umashanker  and Wait ( r e f .  28)  h a v e   a l s o   p e r f o r m e d   c a l c u l a t i o n s   f o r  a 
w i re - s lo t   geomet ry ,   however   t he  wire had i n f i n i t e   l e n g t h   a n d   t h e y   d e r i v e d   a n  
i n t e g r o - d i f f e r e n t i a l   e q u a t i o n  as t h e   b a s i s   o f   t h e i r   s o l u t i o n .  The problem was 
s o l v e d   n u m e r i c a l l y   u s i n g  a moment method t o   o b t a i n   t h e   a p e r t u r e   f i e l d s   a n d  
wire c u r r e n t  as a f u n c t i o n   o f  w i r e  d iameter   and   pos i t ion .  

A third  method,  Rahmat-Samii  and Mittra ( r e f .  2 9 )  h a s   b e e n   a p p l i e d   t o   a n  
a p e r t u r e  i n  a p l ane ,   conduc t ing   s c reen ,   backed   by  a second  plane  to   form a 
p l a n a r  wave g u i d e .   C o u p l e d   i n t e g r a l   e q u a t i o n s   h a v e   b e e n   d e r i v e d   f o r   t h e  
f i e l d s   u s i n g   t h e   G r e e n ' s   f u n c t i o n   f o r   t h e   w a v e g u i d e   r e g i o n .  A numer ica l   so lu-  
t i o n   h a s   b e e n   p e r f o r m e d   f o r  a s q u a r e  (X/2) a p e r t u r e .  The f i e l d s   i n   t h e   a p e r -  
t u r e   a n d   i n   t h e   w a v e g u i d e   h a v e   b e e n   c a l c u l a t e d  a t  one  f requency.  

I n  a f o u r t h   m e t h o d ,   S e i d e l ,   D u d l e y   a n d   B u t l e r   ( r e f .   3 0 ) h a v e   t r e a t e d   t h e  
p r o b l e m   o f   a n   a p e r t u r e   i n  a p l ane ,   conduc t ing   s c reen ,   w i th  a r e c c a n g u l a r  en- 
c losu re   Deh ind   t he   ape r tu re   and  a wire i n s i d e   t h e   e n c l o s u r e .   C o u p l e d   i n t e g r a l  
e q u a t i o n s  are d e r i v e d   f o r   t h i s   g e o m e t r y   a n d  a n u m e r i c a l   s o l u t i o n   o b t a i n e d   f o r  
t h e   c u r r e n t   o n   t h e  wire. Unl ike   the   p rev ious   methods ,   however ,   the   aper ture  
i s  approximated   by   the   d ipole  moments of   Bethe   theory .  

A g e n e r a l   i n t e g r a l   e q u a t i o n   h a s   b e e n   w r i t t e n   b y  Umashanker  ana Baum ( r e f .  
3 1 )   f o r   a n   a r b i t r a r y   a p e r t u r e   i n  a p l a n e ,   c o n d u c t i n g   s c r e e n   w i t h   a n   a r b i t r a r y  
conduc to r   beh ind   t he   s c reen .  The e q u a t i o n s  are cast  i n  a form  which  gives   the 
po le s   and   r e s idues   r equ i r ed   i n   t he   s ingu la r i ty   expans ion   me thod .   Numer ica l  
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c a l c u l a t i o n s   h a v e   b e e n   p e r f o r m e d   f o r   t h e   f i e l d s   i n   a n   a p e r t u r e   a l o n e ,   f o r   t h e  
f i e l d s   i n  a reg ion   be tween a s c r e e n   ( n o   a p e r t u r e )   a n d  a wire, a n d   f o r  a wire 
behind a s l o t   a p e r t u r e .  The n u m e r i c a l   w o r k   a l s o   i n c l u d e s   t h e   r e s p o n s e   o f   t h e  
c u r r e n t   i n   t h e  w i r e  t o  a NE" p u l s e   e x c i t a t i o n .  

Also,  w e  n o t e   t h a t   l a r g e   a p e r t u r e s  may b e   t r e a t e d  as a p a r t   o f   t h e  ex- 
t e r n a l   c o u p l i n g   c a l c u l a t i o n .   F i n i t e   d i f f e r e n c e   o r  wire g r i d   c o d e s  are c a p a b l e  
of   model l ing   cockpi t s   o r   radomes .   For   example ,  WIRANT ( r e f .  3 2 )  has   been   u sed  
f o r   s u c h   i n t e r n a l   c o u p l i n g   p r o b l e m s .  Also, Armour ( r e f .  3 3 )  h a s   u s e d   t h e   c o d e  
CHAOS f o r   c a l c u l a t i n g   t h e   i n t e r n a l   r e s p o n s e   o f  a c a v i t y   e x c i t e d   b y   a n   a p e r t u r e .  
Like WIRANT, CHAOS r e q u i r e s   t h e   c o n s t r u c t i o n   o f  a w i r e  g r i d   m o d e l   o f   t h e   c a v i t y  
su r face ,   and  so  these  models  are l i k e l y   t o   h a v e   l i m i t a t i o n s  a t  low  f r equenc ie s .  
The m o d e l s   d o   h a v e   t h e   f l e x i b i l i t y   o f   t r e a t i n g   a r b i t r a r i l y   s h a p e d  cavi t ies ,  
however ,   wi thout  a major  change i n   t h e   s o l u t i o n   m e t h o d .  

Another  method  which i s  much s i m p l e r  i s  B e t h e ' s  small h o l e   t h e o r y .   I n  a 
t r e a t m e n t   o r i g i n a l l y   d u e   t o   B e t h e   ( r e f .  3 4 ) ,  an   ape r tu re   can   be   approx ima ted   by  
e lec t r ic  and   magnet ic   d ipoles .  The d i p o l e  moments depend  upon  the   aper ture  
s h a p e   a n d   u p o n   t h e   s h o r t   c i r c u i t   f i e l d s ,   t h a t  i s ,  t h e   f i e l d s  on t h e   s u r f a c e   o f  
a p l a n e ,   i n f i n i t e   s c r e e n   w i t h   n o   a p e r t u r e .   E x p r e s s i o n s   f o r   t h e   e q u i v a l e n t  
moments o f   va r ious   shaped   ape r tu re s   have   been   ca l cu la t ed ,   and   compute r   p rog rams  
are a v a i l a b l e   f o r   c a l c u l a t i n g   t h e   p e n e t r a t i n g   f i e l d s .  Bouwkamp ( r e f .  3 5 )  h a s  
improved   t he   t heo ry   by   i nc lud ing   t he   e f f ec t s  o f  h i g h e r   o r d e r s   o f   t h e   p a r a m e t e r  
"ka''. The method  has   the  advantage  of   being  very  s imple;   however ,  i t  i s  
l i m i t e d   t o  1) a p e r t u r e s   t h a t   a r e  small compared t o  a wavelength , 2)  f i e l d s  
f a r   f r o m   t h e   a p e r t u r e ,  3) a p e r t u r e s   i n   p l a n e ,   i n f i n i t e   s c r e e n s ,   a n d  4 )  i t  does 
n o t   i n c l u d e   e f f e c t s   o f   e n c l o s u r e s   b e h i n d   t h e   a p e r t u r e .  

A n o t h e r   r e l a t i v e l y   s i m p l e   m e t h o d   u s e s   l o n g i t u d a l  wire segments t o   r e p r e -  
s e n t   t h e   s u r f a c e  o f  c y l i n d r i c a l l y   s h a p e d   o b j e c t s ,   a n d   c a l c u l a t e s   t h e   B - f i e l d  
f o r  a c r o s s - s e c t i o n  of t h e   o b j e c t   u s i n g  two d imens iona l   magne tos t a t i c   t heo ry .  
The method  has  been  used  by  Burrows  (ref.  36)  t o   c a l c u l a t e   f i e l d s   i n s i d e  a 
cockp i t   and   t he   ca l cu la t ed   f i e lds   compare   f avorab ly   w i th   measu remen t s   o f   t he  
pulse   response   o f  wire l o o p s   i n   t h e   c o c k p i t   o f  a f u l l - s i z e   f u s e l a g e .   A l t h o u g h  
the  method is  r e s t r i c t e d   t o  l o w   f r e q u e n c i e s   w h e r e   t h e   m a g n e t o s t a t i c   s o l u t i o n  
i s  v a l i d   a n d   t o   g e o m e t r i e s   f o r   w h i c h   t h e  2D wire models   can   be   used   to   p red ic t  
3D f i e l d s ,   t h e  mode l   has   t he   advan tage   o f   be ing   ab le   t o  treat a p e r t u r e s   w i t h  
a r b i t r a r i l y   s h a p e d   e n c l o s u r e s .   F u r t h e r m o r e ,   t h e   s o l u t i o n  i s  v a l i d   i n  a f r e -  
quency   range   where   l igh tn ing   has   an   impor tan t   component .  

I n  summary,  methods f o r   c a l c u l a t i n g   f i e l d s   b e h i n d   a p e r t u r e - p e r f o r a t e d  
s c r e e n s  are n o t   n e a r l y  as well developed as m e t h o d s   f o r   e x t e r n a l   c o u p l i n g   a n a l -  
y s i s .   Fo r   example ,  l i t t l e  informat ion   on   the   computer   requi rements   o f   any   of  
the   codes  i s  a v a i l a b l e ,   t h e r e  i s  l i t t l e  expe r imen ta l   work   t o   compare   r e su l t s  
to ,   and   the   methods  are l imi t ed   mos t ly   t o   canon ica l   shapes .   Cav i ty   backed  
a p e r t u r e s   c a n   o n l y   b e   s o l v e d   w i t h   g r e a t   d i f f i c u l t y   f o r  a f u l l   f r e q u e n c y   r a n g e .  

De l ibe ra t e   An tennas  

D e l i b e r a t e   a n t e n n a s   a l s o   f o r m  a p e n e t r a t i o n   o f   t h e   a i r c r a f t   s k i n .  A i r -  
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c r a f t   a n t e n n a s  may i n c l u d e   l o o p ,   h a l f - l o o p ,   b l a d e ,   s l o t ,   h o r n ,   a n d   o t h e r  
a p e r t u r e   a n t e n n a s   f o r  VHF and UHF; they  may i n c l u d e  wire, n o t c h ,   l o o p ,   s h u n t  
and   p robe   an tennas   fo r  HF; and may i n c l u d e   s l o t ,   l o o p   a n d  w i r e  a n t e n n a s   f o r  
LF and VLF use .  The r e s p o n s e   o f   t h e   a n t e n n a   t o  NEMP o r   l i g h t n i n g  is u s u a l l y  
r ep resen ted   by   Thgven in   o r   Nor ton   equ iva len t s  as d e r i v e d   f r o m   t h e   e q u i v a l e n t  
c i r c u i t   o f   t h e   a n t e n n a .  The pa rame te r s   o f   t he   Thgven in   o r   Nor ton   equ iva len t  
depend   on   t he   geomet ry   o f   t he   an t enna   and   on   t he   ex te rna l   su r f ace   cu r ren t s   and  
charges .  Some a n t e n n a s   h a v e   b e e n   t e s t e d   i n  a NE" s i m u l a t o r   ( r e f .  37)  and  most 
o f   t h e   o n e s   l i s t e d   a b o v e   h a v e   b e e n   a n a l y z e d   t h e o r e t i c a l l y   ( r e f .  3 8 ) .  

A s  a n   e x a m p l e ,   c o n s i d e r   t h e   b l a d e   a n t e n n a  shown i n   F i g u r e   7 ( a ) .  The 
a n t e n n a   o p e r a t e s   i n   t h e   f r e q u e n c y   r a n g e  225-400 MHz, h a s  a h igh   f requency  
e q u i v a l e n t   c i r c u i t  as shown i n   F i g u r e   7 ( b ) ,   a n d  a Thgven in   equ iva len t  as shown 
i n   F i g u r e   7 ( c ) .   B e c a u s e   t h e   c o a x i a l   t r a n s m i s s i o n   l i n e   s e g m e n t s   i n s i d e   t h e  
an tenna  are n e a r l y   s h o r t   c i r c u i t s  a t  t h e   f r e q u e n c i e s   i m p o r t a n t   t o  NEMP o r  
l i g h t n i n g ,   t h e   e q u i v a l e n t   c i r c u i t s  shown i n   F i g u r e s   8 ( a , b ) . a r e  more u s e f u l   f o r  
N E W  o r  l i g h t n i n g   a n a l y s i s   ( r e f .   3 8 ) .  

J o i n t s   a n d  Seams 

J o i n t s   a n d  seams b e t w e e n   p a n e l s   o n   a i r c r a f t   c a n   p r o v i d e  a s i g n i f i c a n t  
p o i n t   o f   e n t r y   i f   n o t   p r o p e r l y   d e s i g u e d   a n d   m a n u f a c t u r e d .   I n  terms of   coup l ing ,  
a seam i s  c h a r a c t e r i z e d   b y  its t r ans fe r   impedance  Zs (ohmem) o r  i t s  r e c i p r o c a l ,  
t h e   t r a n s f e r   a d m i t t a n c e  Ys (mho/m).  The v o l t a g e  Vs deve loped   ac ross  a seam by 
a c u r r e n t   d e n s i t y  J, (A/m) f l o w i n g   n o r m a l   t o   t h e  seam is e s t i m a t e d   a c c o r d i n g  
t o  

I n   p r a c t i c e ,  Zs(w) is  u s u a l l y   m e a s u r e d   f o r   f l a t   p a n e l s   i n  a l a b o r a t o r y .   I f  
t h e r e  are c a b l e s   b e h i n d  a seam, t h i s   e q u a t i o n   c a n   b e   u s e d   t o  estimate t h e   v a l u e  
of  a d i s c r e t e   v o l t a g e   s o u r c e   w h i c h  excites t h e   c a b l e .  I t  i s  a n  estimate be- 
c a u s e   t h e  exact vol tage   impressed   on   the   cab le   depends   upon i ts  d i s t ance   f rom 
t h e  seam and   upon   t he   geomet ry   o f   t he   i n t e rna l   cav i ty   wh ich  i s  beh ind   t he  seam. 
F o r   i n d u c t i v e  seams, a more  fundamental   measure  of   leakage i s  i n  terms o f   t h e  
m a g n e t i c   p o l a r i z a b i l i t y  p e r  u n i t   l e n g t h ,  m.  The p o l a r i z a b i l i t y  i s  independent  
o f   t h e   g e o m e t r y   o f   e n c l o s u r e s   o r   c a v i t i e s ,   a n d   t h e   t r a n s f e r   i m p e d a n c e   c a n   b e  
computed  from m i f   t h e   g e o m e t r y  i s  known. 

The seam t r ans fe r   impedance   depends   upon   t he   d i r ec t ion   o f   cu r ren t   dens i ty  
f l o w   a c r o s s   t h e  seam. P r a c t i c a l l y   s p e a k i n g ,  i t  has   been   found   t ha t   t he  coup- 
l i n g   t h r o u g h  a seam f o r   c u r r e n t   f l o w i n g   p a r a l l e l   t o   t h e  seam i s  on   t he   o rde r   o f  
20 dB less t h a n   t h a t   f o r   t h e   o r t h o g o n a l  case ( r e f .  3 9 ) .  The p a r a l l e l  case can 
u s u a l l y   b e   i g n o r e d .  

D i f f u s i o n  

U n t i l   r e c e n t l y ,   d i f f u s j - o n   o f   c u r r e n t s   t h r o u g h   t h e   a i r c r a f t   s k i n   h a s  
u s u a l l y   b e e n   o f   n e g l i g i b l e   c o n s e q u e n c e   b e c a u s e   t h e   s k i n   h a s   b e e n  made o f  
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h igh ly   conduc t ing  metals. However, f u t u r e   ( a n d  some p r e s e n t )  a i rcraf t  r e l y  
heav i ly   on   compos i t e  materials f o r  their  sk ins .   These  materials have much 
l o w e r   c o n d u c t i v i t i e s  ( - I O 4  mho/m fo r   g r . aph i t e   epoxy)   t han  metals a n d   d i f f u s i o n  
may be   an   impor t an t   mechan i sm,   e spec ia l ly   fo r   t he   l ow- f requency   con ten t   o f   t he  
l i g h t n i n g  re t u r n  s t r o k e  . 

F o r   a n   i n f i n i t e  f l a t  p l a t e   w i t h   s u r f a c e   c u r r e n t   d e n s i t y  J s ( w )  on   one   s ide ,  
t h e  e lec t r ic  f i e l d   o n   t h e   o t h e r   s i d e  EINS(U) i s  g iven   by  

EINS (d n 
Js (d 

= ZT(W) = s i n h  yd 

where n i s  t h e  material i n t r i n s i c   i m p e d a n c e ,  y i s  t h e  material propagat ion   con-  
s t a n t ,  and d is t h e  material t h i c k n e s s .   T h u s ,   o n c e   t h e   m a t e r i a l   p r o p e r t i e s  
a n d   s u r f a c e   c u r r e n t   d e n s i t y  are known, t h e   d i f f u s e d  e lectr ic  f i e l d   c a n   b e  
e a s i l y  computed. S t r i c t l y   s p e a k i n g ,   t h e   a b o v e   r e l a t i o n s h i p  is t r u e   o n l y   f o r   a n  
i n f i n i t e   f l a t   p l a n e .   F o r   p a n e l s   o f   a i r c r a f t   s h a p e ,   t h e   i n t e r n a l  e l e c t r i c  f i e l d  
i s  t h e   s o l u t i o n   o f  a boundary   va lue   p roblem  which   mus t   inc lude   the   e f fec ts   o f  
t he   s t ruc tu re   shape   and   geomet ry .   However ,   t he   above   r e l a t ion   can   be   u sed   t o  
provide  estimates o f   t h e   i n t e r n a l   f i e l d s   i n   o r d e r   t o  make engineer ing   judgments .  

I n t e r n a l   P r o p a g a t i o n  

Once e l e c t r o m a g n e t i c   f i e l d s   p e n e t r a t e   i n t o   t h e   a i r c r a f t   i n t e r i o r   b y  means 
o f   a p e r t u r e s ,   d i f f u s i o n ,   o r  seams, they excite t h e   i n t e r n a l   w i r i n g   w h i c h   i n  
t u r n   p r o p a g a t e s   t h e   e n e r g y   t o   o t h e r   p a r t s   o f   t h e   a i r c r a f t .   I n   p a r t i c u l a r ,   t h e  
p r o b l e m   c o n f r o n t i n g   t h e   a n a l y s t  i s  t o   p r e d i c t   t h e   v o l t a g e s ,   c u r r e n t s ,   p o w e r s ,  
and   ene rg ie s   i nc iden t   on   b l ack   box   connec to r   p ins .  

The common approach   t o   t h i s   p rob lem is t o   m o d e l   t h e   a i r c r a f t   w i r i n g  as 
s i n g l e   o r   m u l t i - c o n d u c t o r   t r a n s v e r s e   e l e c t r i c   a n d   m a g n e t i c  (TEM) t r a n s m i s s i o n  
l i n e s .   I n   d o i n g   t h i s   f o r  N wires o v e r  a g round   p l ane   on   r e fe rence   conduc to r s ,  
one m u s t  s o l v e   t h e   s o - c a l l e d   t e l e g r a p h e r ' s   e q u a t i o n s :  

a [ I ( x , t ) ]  + & [ C ( X ) ]   [ V ( x , t ) I  + [ G ( x , t ) I   [ V ( x , t ) ]  = [ I s ( x , t ) ]  a x  

w i t h   t h e   f o l l o w i n g   d e f i n i t i o n s  : 

- t h e  Nxl ma t r ix   o f   vo l t ages   on   each   o f   t he  N wires. 
- t h e  Nxl m a t r i x   o f   c u r r e n t s   o n   e a c h   o f   t h e  N wires. 
- t h e  NxN Maxwell c a p a c i t a n c e   m a t r i x   i n   f a r a d s / m e t e r .  
- t h e  NxN i n d u c t a n c e  matrix i n   h e n r i e s / m e t e r   d e f i n e d   b y  

[L(x)] = [C(x)] w i t h  p t h e   p e r m e a b i l i t y ,  E t h e  
pe rmi t t i v i ty   o f   t he   su r round ing   homogeneous  medium. 

- t h e  NxN d i a g o n a l  w i r e  r e s i s t a n c e   m a t r i x   i n   o h m s / m e t e r .  
- The NxN conduc tance   ma t r ix   i n   mhos /me te r   de f ined   by  
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[G(x,t)] = [C(x>] w i t h   o ( x ,   t )   t h e   c o n d u c t i v i t y  of 0 x t )  
E 

t he   su r round ing  medium. 

s o u r c e s   o n   e a c h   o f   t h e  N w i r e s  de f ined   by   Vs (x , t )  = 
[Vs(x,t)] - t h e  Nxl matrix i n  v o l t s / m e t e r  of d i s t r i b u t e d   v o l t a g e  

P J  a t  B z  ( x , y ,   t ) d y ,   w i t h  h t h e   h e i g h t   a b o v e  

0 

the   g round  p lane   and  B, the  z-component  of  the  magnetic 
f l u x   d e n s i t y   w i t h  a l l  t h e  wires a b s e n t .  

sou rces   on   each   o f   t he  N wires d e f i n e d   b y   I x ( x , t )  = 
[ Is(x,  t)] - t h e  Nxl m a t r i x   i n   a m p e r e s / m e t e r   o f   d i s t r i b u t e d   c u r r e n t  

0 

t h e  y - c o m p o n e n t   o f   t h e   e l e c t r i c   f i e l d   w i t h   a l l   t h e  wires 
a b s e n t .  

These   equat ions   assume  tha t  1) t h e   f i e l d s  are TEM o n l y ,  2) t h e   l i n e   l o s s e s  
are small ( i e ,  R I < < S  and G V < < f l )  , and 3)  t he   spac ings   be tween   t he   conduc to r s  

a n d   t h e   d i s t a n c e s   t o   t h e   g r o u n d   p l a n e  are much smaller than   t he   wave leng th   o f  
t h e   h i g h e s t   s i g n i f i c a n t   f r e q u e n c y .   C o o r d i n a t e s  x, y ,  and z are s u c h   t h a t   t h e  
t r a n s m i s s i o n  l ine  l i e s  a l o n g   t h e  x axis ,  and y is  n o r m a l   t o   t h e   r e f e r e n c e  
p l a n e .  The t e l e g r a p h e r ' s   e q u a t i o n s   c a n   b e   s o l v e d   i n   e i t h e r   t h e  time ( r e f .  4 0 )  
o r   f r e q u e n c y   ( r e f .  4 1 )  domains. These e q u a t i o n s   c a n   b e   e a s i l y   a n d   a c c u r a t e l y  
s o l v e d   i n  homogeneous  media   once  the  inductance  and  capaci tance matrices and 
t h e   s o u r c e   f u n c t i o n s  are known. With rea l  c a b l e s   i n   a i r c r a f t ,   h o w e v e r ,  i t  i s  
o f t e n   q u i t e   d i f f i c u l t   t o   o b t a i n   t h i s   d a t a .   F o r   e x a m p l e ,  i t  i s  a d i f f i c u l t  
m a t t e r   t o   d e t e r m i n e   i n   w h i c h   c a b l e   b u n d l e  a p a r t i c u l a r  w i r e  r u n s ,   w h e r e   i n   t h e  
b u n d l e   t h e  wire i s  pos i t ioned ,   and   what   the   load   impedances   on   the  wire may 
b e .   A i r c r a f t   t o   a i r c r a f t   v a r i a t i o n s   c a n   b e   s i g n i f i c a n t ,   w i t h   t h e   r e s u l t   t h a t  
i f  a r i g o r o u s ,   d e t e r m i n i s t i c   a p p r o a c h  i s  a p p l i e d ,   e v e r y   a i r c r a f t   w o u l d   h a v e   t o  
b e  a n a l y z e d   o n   a n   i n d i v i d u a l   b a s i s .   A l s o ,   f o r  a real  a i r c r a f t   c a b l e ,   t h e  
c a b l e   g e o m e t r y   w i t h   r e s p e c t   t o   t h e   r e f e r e n c e   p l a n e   a n d   n e a r b y   o b j e c t s   c h a n g e s  
a l o n g  i t s  l e n g t h ,   s u c h  as a t  p o s i t i o n s   w h e r e   t h e   c a b l e   b r a n c h e s   o r   w h e r e  i t  
passes   th rough a bulkhead.  Thus  the real  problem i n  mu1 t i c o n d u c t o r   c a b l e  
p r o p a g a t i o n  is n o t   t h e   m a t h e m a t i c s   b u t   o b t a i n i n g   a c c u r a t e   i n p u t   d a t a .  

a t  a t  

I n  view o f   t h e   a b o v e   d i f f i c u l t y ,   a n   a l t e r n a t e   a p p r o a c h  i s  t o  
model a mul t i conduc to r   cab le   bund le  as one   bu lk   cab le   and   de t e rmine   t he   bu lk  
c a b l e   c u r r e n t   b y   s i n g l e  wire t r a n s m i s s i o n   l i n e   t h e o r y .  The a c t u a l   p i n   v o l t -  
a g e s   a n d   c u r r e n t s   d u e   t o  a p a r t i c u l a r  wire i n   t h e   b u n d l e  may then   be   de t e r -  
mined s t a t i s t i c a l l y   f r o m   t h e   b u l k   c a b l e   c u r r e n t .   T h i s   a p p r o a c h   h a s   n o t   y e t  
been   r i go rous ly   demons t r a t ed  as b e i n g   v i a b l e ,   b u t  i t  i s  a t t r a c t i v e   b e c a u s e  i t  
eases t h e   a n a l y s t ' s   b u r d e n   i n   d e t e r m i n i n g   t h e   i n p u t   d a t a .  It  a l s o  would  en- 
a b l e   o n e   t o   d e t e r m i n e   t h e   v u l n e r a b i l i t y   o f   a n   a i r c r a f t   f l e e t   i n  a s t a t i s t i c a l  
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b a s i s .  The d i s a d v a n t a g e  i s  t h a t   t h e  s ta t is t ical  d i s t r i b u t i o n s   n e e d   t o   b e  
o b t a i n e d   b y   e x t e n s i v e   a n a l y s i s   a n d   t e s t i n g .  

CONCLUSIONS 

A review o f   e l e c t r o m a g n e t i c   c o u p l i n g   m e t h o d s   w i t h   p a r t i c u l a r   a p p l i c a t i o n  
t o   l i g h t n i n g   h a s   b e e n   a c c o m p l i s h e d .  I t  is clear t h a t   t h e   e x t e r n a l   c o u p l i n g  
problem i s  b e t t e r   u n d e r s t o o d   t h a n   t h e   i n t e r n a l   c o u p l i n g   p r o b l e m .   I n   p a r t i c u -  
l a r ,  t h e   s o l u t i o n  of t h e   c o u p l i n g   t o   c a b l e s   w i t h i n   a r b i t r a r y   s h a p e d   c a v i t y  
b a c k e d   a p e r t u r e s  is a f o r m i d a b l e   p r o b l e m .   I n   a d d i t i o n ,   t h e   i n t e r n a l   c a b l e  
p r o p a g a t i o n   p r o b l e m   h a s   t h e   p r a c t i c a l   d i f f i c u l t y   o f   d e t e r m i n i n g   t h e  exact in-  
p u t   d a t a   n e c e s s a r y   f o r   s o l u t i o n .  

The e x t e r n a l   c o u p l i n g   p r o b l e m   f o r   l i g h t n i n g  is c o m p l i c a t e d   b y   t h e   f a c t  
t h a t   t h e   a t t a c h m e n t   p r o c e s s  is non- l inea r .   Th i s   imp l i e s   t ha t   f r equency  
domain s o l u t i o n s   a n d   s o l u t i o n s   d e p e n d e n t   u p o n   l i n e a r   o p e r a t o r   t h e o r y   c a n n o t  
b e   u s e d   f o r   t h i s  p a r t  o f   t he   p rob lem,   un le s s  i t  c a n   b e   t r e a t e d   i n  a p iecewise  
l i n e a r   f a s h i o n .   O t h e r w i s e ,  t i m e  domain   so lu t ions  are r e q u i r e d .   I n   t h i s  case, 
a f i n i t e   d i f f e r e n c e   a p p r o a c h   o r  a time domain c i r c u i t   m o d e l l i n g   t e c h n i q u e  
wou ld   be   appropr i a t e .  
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Figure  1 .- F111 model  using 30 x 30 x 30 g r i d .  

F igure  2.-  B52 model us ing  50 x 50 x 50 g r i d .  
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Figure 3 . -  Wire grid model of a Learje t .  

Figure 4.-  Model used for MFIE s o l u t i o n  by Sancer. 
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ANOTHER LOOK AT AIRCRAFT-TRIGGERED LIGHTNING 
D.W. Clifford 

McDonnell Aircraft Company 
St. Louis, Missouri 63 166 

ABSTRACT 
There is  positive  evidence  that  a  rapidly  moving  aircraft  charged to high  potentials by  tribo- 

electric  processes  can  trigger  lightning  discharges by  passage through  freezing  precipitation.  The 
freezing  zone  in  a  nonstormy  rain  cloud is shown  to  be  an  electrically  volatile  region  because  of  the 
potent  charge  exchange  mechanisms  which  are  active  in  agitated  mixtures  of  supercooled  water 
droplets  and ice.  Several  intensifying  effects  are  suggested  which  can  be  produced  by the passage 
of  an  aircraft  through  this  precipitation,  resulting  in  a highly-ionized  wake  which  acts  like  a  trailing 
conductor. If  weak  charge  centers  are  present  in  the  cloud,  the  ionized  wake  acts to short  out  the 
gradient field resulting  in  very  high  potentials  at  the  aircraft.  The  high  potentials  explain  the  electri- 
cal activity  at  the  aircraft  described  by  pilots,  including  intense  corona,  sparks  and  radio  interfer- 
ence  terminating  in  a  loud  discharge.  Lightning  strikes  to naval aircraft  towing  gunnery  targets  at 
the  end  of  long  steel  cables  are  described,  showing  that  the  same  triggering  mechanism  may  be 
involved  in  those  cases.  Recommendations  are  made to  include triggering experiments  in  government 
flight  programs  now  in  progress. 

INTRODUCTlON 
There has  been  much  debate on the  question  of  whether  or  not  an  aircraft  can,  by  its  presence, 

trigger  a  lightning  strike  which  otherwise  would  not  have  occurred.  There  are  positive  indications 
that  a  conducting  body  in  an  electrified  environment  can  initiate  lightning.  Fitzgeraldl  presented 
evidence in the  Rough  Rider  Program  that  the  presence  of  an  aircraft  produced  lightning  strikes. 
Pilots  have  contended  for  many  years  that  aircraft  either  trigger  lightning  or  they  experience  static 
discharge.2  Several  workers  have  been  able  to  initiate  lightning to  ground  by firing rockets  into 
charged  cloud^.^,^ However,  these  experiments  required  grounded  wires  attached  to  the  rocket, 
resulting  in  a  different  electrostatic  situation  from  that  of  an  isolated  aircraft. 

field enhancement in the  region of an  aircraft. He showed  that  the  intensification of the  local  field 
acted  to  extend  the  electrical  region  of  influence  of  the  aircraft  to  a  distance of one-body  diameter 
from  the  aircraft.  Since  the  length  of  a  lightning  channel  may  be  several  kilometers,  this  small  inten- 
sification  would  not  be  expected to have much  influence  on triggering  a  strike.  Shaeffer  also  showed 
that  aircraft  engine  exhaust  ionization levels are  too  low  to  be  a  factor  in triggering  lightning. 

This  paper will take  another  look  at  the  possibility of  aircraft-triggered  lightning.  The  problem 
will be  addressed  from  a  different  point  of view than  the  previous  efforts,  however.  Lightning  strike 
reports  and  pilot  observations  from  military  and  commercial  aviation  experience will be used to 
work  back  to  the  atmospheric  conditions  where  lightning usuallly  strikes  aircraft.  Those  atmospheric 
conditions will then  be  examined  to  determine  any  unique  features  which  could lead to possible 
interaction  effects  with  an  aircraft  which in turn  could lead to the  production  of triggered  lightning. 

ShaefferS  addressed  the  question  of  aircraft-initiated  lightning  by  examining  the  localized  electric 

THE LIGHTNING VERSUS  STATIC DISCHARGE CONTROVERSY 
Many  experienced  pilots  have  consistently  held  that  most  reported  aircraft  lightning  incidents  are 

not  true  lightning  strikes,  but  rather  discharges  of  electrical  energy  accumulated  on  the  aircraft  by 
triboelectric  charging.  In  a  1965  United  Airlines  report  entitled  “UAL  Turbojet  Experience  with 
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Electrical  Discharges,”2 the practical  experience  of  numerous  pilots,  with  many  thousands  of  hours 
of  flying  experience, was summarized  and  reported  as  they  responded to  questions  about  their 
experience  with  lightning. To supplement  the  testimony  of  the  commercial  pilots,  there  are also 
many  incident  reports  from  military  operations  reporting  electrical  discharge  phenomena. 

Both  commercial  and  military  pilots  almost  unanimously  agree  that  there  are  two  distinct classes 
of lightning  observed in flight. The  most  common  variety  usually  occurs  while  flying  in  precipitation 
at  temperatures  near freezing. This type is preceded by  a  buildup  of  static  noise  in  the  communica- 
tion  gear  and  the  presence of corona  (St. Elmo’s fire). The  buildup  may  continue  for several seconds 
until  a  violent  discharge  occurs.  The discharge terminates  the  static  and  corona,  but  the process  may 
repeat itself if flight  through  the  precipitation  continues. 

The second  variety  occurs  abruptly  with no warning,  and is usually  described as more severe. It is 
always encountered in or  near  thunderstorms, in contrast  to  the  former variety  which is more likely 
to  be  experienced  in  precipitation  that has no  connection  with  thunderstorms.  The  slow  buildup 
strike  reports  typically  indicate  no visible lightning  in the vicinity  and no radar  indication of 
thunderstorms  anywhere in the region.  Pilots  tend to believe that  the slow  buildup  type  of discharge 
is not  a  true  lightning  strike  but  either  a  discharge of excess  static  charge  built  up  on  the  aircraft  by 
flying  through  the  precipitation,  or  some  sort of triggered  discharge produced  by  the  catalytic 
presence of  the  aircraft.  They  say  that  this  nonthunderstorm  type  of  discharge  outnumbers  the  other 
by  anywhere  from  two  to  one  to  ten  to  one.  Both  kinds  can  create  a brilliant  flash  and  a  report 
which  can  be  heard  throughout  the  airplane.  The  abrupt  type  may  cause  a  louder  report  and usually 
produces  more  damage. 

The response  of  scientists to  the pilots’  static  discharge  theory  has  been universally  negative. 
They insist that  insufficient  charge can be  stored on an aircraft to  produce  a discharge  which  looks 
and  sounds like  lightning.  Scientists  are  even  more  emphatic that  insufficient energy could  be  con- 
tained  in  such  a  static  charge  buildup to  produce  any visible evidence  such  as  burn  marks,  pitting  or 
other damage on  the  aircraft.  Nor have any  satisfactory  explanations  been  offered  to  show  how  an 
aircraft  could trigger  lightning.  Yet,  the  pilots  continue to  insist that  the  aircraft is either discharging 
or triggering a discharge, and  that  the discharges do  manifest  themselves  by  bright noisy  arcs and 
(not all  pilots  are  sure about  this) visible damage.  The  controversy  has  been  characterized  as “a 
difference in view between  scientists  of  long  standing  and  pilots  of  long  sitting.” 

LIGHTNING MISHAP  WEATHER STATISTICS 
Most of  the  reports  of  lightning  or  electrical  discharge of the  type preceded by  corona  and  radio 

static have involved aircraft  flying  through  some  sort  of  precipitation  or  suspended ice  particles, 
usually near freezing temperature. I n  contrast,  strikes  of  the  sudden  type  often  occur  outside  clouds, 
or in clouds  with  no  precipitation,  but always  in the vicinity  of  thunderstorms.  There  are  some cases 
of aircraft  flying  near  thunderstorms,  apparently in high  cross-field  regions, which have  experienced 
buildup  of  corona  prior t o  lightning  strikes.  Except  for one special  case,  however,  these  slow  buildup 
incidents  are  rare in comparison to  the  type involving precipitation.  The  special case involves  aircraft 
towing  long  electrical  conductors,  such  as naval gunnery  targets, on  the  end  of  long  steel cables. A 
disproportionately large number  of  strikes have occurred to  such  tow  aircraft.  These  incidents will 
be  discussed in more  detail  later  because  they  bear  directly on  the triggering  process  which will be 
postulated in this  paper. 

Before  examining  some  specific in-flight incidents in detail,  a review of lightning  strike  weather 
statistics will be  of  value. Where no  attempts have been  made  to  differentiate  between  the  different 
types  of  discharge,  the  weather  statistics  show  tendencies to  the  type  of  conditions described by  the 
pilots for  the  slow-type discharge.  Figure 1 shows the  temperature  distribution  for  lightning  strikes 
to aircraft  and  Figure 2 shows  the  environmental  conditions  related to  clouds,  precipitation  and 
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turbulence  at the time of 2 14 strikes  reported  by  Fisher and Plumer.6 In  over 80 percent  of  the 
strikes reported, aircraft were within  a  cloud  and were experiencing  precipitation  and  some  turbu- 
lence. In  addition, as can be  seen  from Figure 1 , the vast majority of the  reported  incidents  occur 
at  temperatures  near  the freezing level. These  statistics  are  often shrugged off as incidental to  the 
thunderstorm  environment  which  actually causes the  strike. However, a  thorough  evaluation of the 
synoptic  conditions  and localized weather  circumstances  by  Harrison,2  in the case of  the UAL 
strikes, and Trunov7 in a  summary of USSR incidents,  confirm  that  thunderstorm  activity usually 
is not present at  the time of the event. 
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PILOT  DESCRIPTIONS OF LIGHTNING INCIDENTS 
Some  examples  of  both  commercial  and  military  incidents  illustrating  the  slow  buildup  type of 

lightning  strike  follow.  The  commercial  reports  are  taken  from  Reference  2. 
The first  case  involves  a  Boeing 727  which  experienced five discharge/lightning  strikes  in  a  20- 

minute  period  in  the Niles holding  pattern  at Chicago. “The discharges  began at  13,000  feet  with 
temperature -lO°C, IAS 250 knots,  occasional  brief  moderate  turbulence,  and  occasional  moderate 
rain  mixed  with ice. VHF interference  existed  with  buildup  of  intensity  and slight  rise in  pitch  just 
before  the  strike/discharge.  The  third or fourth  strike/discharge  was  forecast  by  the flight  crew 
several seconds  before  occurrence  using  the  precip-noise-pitch rise. Strikes/discharges  occurred  only 
during  conditions  of  precipitation,  and  four  of  them  during  a  time  when  precipitation  rate was in- 
creasing  and  had  reached  moderate level. 

Strikes/discharges  were  identified by  a  loud  “boom”  and  a  blue flash. It was a  daytime  flight  and 
St. Elmo’s  fire  was not visible. After  landing,  there was no evidence of damage.” 

In another  report,  a pilot  indicated  that  he  had  experienced  several  such  incidents  which  had al- 
ways  followed the  same  pattern.  “There is first  a  display of  St. Elmo’s  fire,  followed  by  the  forma- 
tion of a large luminous  ball on the  nose,  followed  by  a  loud  report,  followed  by  the  sound  of  a 
broken HF antenna  whipping  the fuselage, accompained  by  the  odor  of  ozone.” 

The  reports  of  St.  Elmo’s  fire  and  a large luminous  ball,  or  “column  of  fire,”  on  the  nose is not 
uncommon.  One  pilot  reported “St. Elmo’s fire 20 feet  out  ahead  of  the  nose.”  Other  pilots have 
reported  “beams  like  headlights”  projecting  out  ahead  of  the  aircraft.  A  Chicago  pilot  with  over 20 
years  experience  reported  that  he  had  experienced several of  these  discharges. All were  associated 
with  St. Elmo’s  fire prior  to  the electrical  discharge.  “The  more  the  St. Elmo’s  fire prior  to  the dis- 
charge, the  louder  the  boom and the bigger the  burned  spot  where  it  discharges.”  Another  pilot 
reported  that  he  “actually saw the discharge  flash  from  the  aircraft  nose  toward  a  cloud.” 

incidents  which  are  largely  unpublished.  The  following  incidents  are  typical  of  many  on file. 

4000 feet, 180 knots,  gear  and  flaps  down,  engine  anti-ice on, the  aircraft again entered  clouds. 
Radio  static  increased  in  intensity  for  approximately 30 seconds.  A  loud  snap  accompanied  by  a 
bright  blue flash  was experienced on the  port side  near  the  engine  intake.  Following  the  discharge, 
the  radio  static  disappeared.  The  aircraft  later  broke  out  of  the  clouds  and  made  an  uneventful 
VFR landing. 

In another  military  fighter  incident,  the  aircraft  experienced  “static  discharge”  at  approximately 
5000 feet  in rain clouds  during  a  night flight.  Prior to  discharge,  a  blue glow appeared  around  the 
refueling  probe,  growing to  an  arc  of  about  four  feet  and  emitting  sparks  three  to  four  feet  in  length. 
The final  discharge  temporarily  blinded  the  pilot.  Damage to  the  aircraft  included  the  outage of 
several  pieces of  electronic  equipment. 

sea level to  20,000 feet.  There  were no  thunderstorms  or visible  lightning. While passing 5,000 
feet,  the  airspeed  indicator  dropped  to  zero  and  a  bank  of  advisory  lights  illuminated. While the 
pilot was attempting  to reset the lights,  a  violent  discharge  occurred  in  the  vicinity  of  the  refueling 
probe,  after  which  the  instruments  and lights  resumed  normal  operation.  After  an  uneventful 
carrier  landing, four small  holes  were  found  in the  radome. 

I n  considering the  pilot  reports,  there  may  be  a  tendency  among  scientists  to  discount  some 
aspects  of  the  reports if they  do  not  conform  to  the  traditional lines  of  scientific  thought.  However, 
since  alertness  and  objectivity  are  trademarks  of  pilots,  particularly  senior  commercial  pilots,  their 
reports  should  be  accorded  a high  degree  of  credibility. I t  should  also  be  recognized  that  most  pilots 
have a  better  practical  understanding  of  meteorological  phenomena  than  do  most  desk-bound,  or 
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A  fighter  had  been  in  and  out  of  cumulus  clouds  and  had  been  experiencing  light  turbulence.  At 

In  a case at sea, the  aircraft was  flying in an  area  of  intermittent  overcast  which  extended  from 
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even laboratory-bound  scientists.  Therefore,  for  the  sake  of  this  discussion, it is assumed that  the 
pilots’  reports  are  accurate  representations  of  the  actual  incidents, to  the  best of their  ability  to 
describe them,  although  the  reports  are  sometimes  incomplete  and leave many  questions  unanswered. 

Notice  that  the  pilots,  both  commercial  and  military,  generally  refer  to  this  slow  buildup  type  of 
event  as  a static discharge.  Most pilots feel that  when  the  static  and  corona  buildup  precede  the 
flash, then  it is a  static  discharge or  a triggered  discharge  and not a  natural  lightning  strike.  Of  the 
89 experienced  commercial  pilots  who  expressed  an  opinion  in  the  United  Airlines  survey, 66 
thought  there were  indeed two different  phenomena  experienced: 1 ) electrical  discharge of  the air- 
craft,  and 2) actual  lightning.  Of  the  remaining 23, 21 thought  that  the  only  type involving aircraft 
is the electrical  discharge. Two  pilots  felt  that  the  only  type  encountered is natural  lightning. 

In  considering  these  pilot  reports  and  opinions,  it is apparent  that  usually  the  pilots can only 
report  general  impressions  of  what  they  remember.  From  their  position  in  the  cockpit,  they  can 
often  only  report  a flash  of  light and  an  audible  report,  although  sometimes  they  can  tell on which 
side of  the  aircraft  the flash emanated.  In  modern  commercial  jets,  the  pilot  cannot even see  the 
wings from  the  cockpit.  They  are  certainly  not in  a  position to  know  whether  there was truly  only 
one  arc  from  the  aircraft  to  a  cloud. If the  aircraft  actually  discharged,  there  would  presumably  be 
only  one  arc.  However,  in  the case of  natural  lightning,  the  aircraft is only  a  small  segment  of  the 
channel, so there  must  be  arcs  both  to  and  from  the  aircraft.  Therefore, in the cases where  aircraft 
damage is reported  at  two  different  positions on the  aircraft,  such as nose  and  tail, or  both wing 
tips, then  the physical  evidence  indicates  that  the  aircraft was actually  struck  by  lightning.  There  are 
many cases, however,  where  damage  can  only  be  found  at  one  point,  and  in  many  others, 110 damage 
at all is found.  Therefore,  the  damage  reports  do  not, in themselves,  rule out  some  sort of  static dis- 
charge  event . 

STATIC  DISCHARGE  CONDITIONS 
I f  the pilots’  contentions  of  static  discharge  are  to  be  considered  objectively,  physical  processes 

must  be  considered  which  could lead to  the observed  electrical  behavior  of the  aircraft  just  prior  to 
the discharge. The  behavior  includes  increasingly  intense  radio  static  and  corona  (St. Elmo’s  fire), 
often  intensifying  to  the  point  that  the  corona  extends  for several feet in front  of  the  aircraft  and is 
often  accompanied  by  short  discrete  sparks  up to  three  feet in  length. An artist’s  concept  of  this 
electrical  activity is shown  in  Figure 3. 

If static  discharge is producing  these  effects,  it  appears  that  mechanisms or processes must  be 
postulated  which  would  explain  how  more  charge  could  be  stored  on  or  around  the  aircraft  than is 
predicted  by  simple  electrostatic  calculations.  This  requirement is the  crux  of  the issue  because it 
can  easily be  shown  that if sufficiently  high  aircraft  potentials  can be reached,  then all of  the pilot- 
observed  phenomena  can  be  expected  to  occur. Even substantial  damage  could  be  produced if 
potentials  of several  million volts  could  be  built  up  on  the  aircraft,  because  discharge  energy is pro- 
portional  to  the  square of the voltage  driving the discharge. 

If higher than  expected  concentrations  of  charge  cannot  be  stored  on  or  around  the  aircraft,  then 
static  discharge  of  the  aircraft  cannot  be  the  cause  of  the  observed flash. If that is the case, then  an 
alternative  solution  must  be  found to  explain  the  apparent  involvement  of  the  aircraft in the pro- 
duction  of  the discharge. 
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FIGURE 3 
ELECTRICAL  ACTIVITY  DESCRIBED  BY  PILOTS 

JUST BEFORE  DISCHARGE OCCURS 

G P O 1 . 0 2 2 1 - 7  

Triboelectric Charging 
Triboelectric  charging  (the  exchange  of  charge  produced  by  precipitation  particles  impacting  the 

aircraft)  appears  to  play a major  role  in  this  process  and,  therefore,  some  of  its  general  characteristics 
will be briefly  reviewed.  Certainly  the  process  of  triboelectric  charging is widely known, if not widely 
understood.  A  reasonable  amount  of  literature  has  been  produced  on  the  subject,  much  of  which is 
well summarized  by Nanevicz in  Reference 8. It is accepted  that charging  rates  are  a  function  of 
precipitation  particle  concentration,  precipitation  type,  effective  frontal  area  of  the  aircraft  and 
velocity of the  aircraft.  However,  the  physical  mechanisms  and  processes involved  in static  electri- 
ficiation are not well understood. 

Nanevicz gives the  precipitation  charging  current t o  a  vehcle  by 

i = q p  c v Aeff 

where 
qp = charge  per  particle 
c = particle  concentration 
v = aircraft  velocity 

Aeff = effective  intercepting  area  of  aircraft. 
The various  parameters  in  the  equation  and  their  interdependencies  have  been  studied  analytically, 
in the  laboratory  and  in  flight,  and  are  generally  understood  for  the  operating regimes of  current 
aircraft.  Typical values of  particle  parameters  for  an  aircraft  operating  in  the  subsonic  flight  regime 
are given in  Table 1 for  two  cloud  types. 

charging  processes  involved.  However,  in  practical  charging  calculations,  Nanevicz  suggests the use 
of  the  experimental  results  shown  in  Table 2. These  values  lead to  total  aircraft charging  currents  of 
a  few  hundred  microamps,  although values as high as three milliamps  have  been  measured  in  flight. 
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TABLE  1 
PRECIPITATION  PARTICLE  PARAMETERS 

I Cloud Type 7 pic0 Coulomb 

1 - 10 

5 x  104 1 - 35 

2 x 104 

G P 0 1 - 0 2 2 1 - 1  

TABLE 2 
PEAK CHARGING  RATES  ENCOUNTERED 

WITH  KC-135  PROTOTYPE 

I Peak  Charging Rate 
Cloud Type I 

I Frontal Snow I 30 I 
G P O 1 - 0 2 2 1 - 2  

The  triboelectric  charging  rates  quoted  by  Nanevicz  for  ice  particles  and  water  droplets  are  values 
measured  presumably  at  temperatures  away  from  the  freezing level. The  maximum  charging  rates 
thus  quoted  are  for ice crystals,  which do  indeed  produce visual displays  of  windshield  streamering 
and  corona. However, no  violent  or  abrupt  discharges  are  reported  in  cold  ice  crystals  as  they  are  in 
precipitation  at  the  freezing level. 

The  presence  of  corona  (St.  Elmo’s  fire)  and  radio  interference  in  moderate  amounts is to  be 
expected  in  precipitation,  because  charge will build  until  the  potential  of  the  aircraft  causes  the 
electric field strength  at  the  sharpest  points on the  aircraft  to  exceed  the  breakdown  strength  of  air. 
At  the  operational  altitude,  temperature  and  humidity,  the  breakdown  potential  of  air  may  be 
a  fraction of that  at sea  level.  When that  condition is reached,  sharp  points  around  the  extremities 
(the  highest field  regions on  the  aircraft) will go  into  corona.  Intense  corona is a  strong  generator  of 
electromagnetic  radiation.  Receivers  operating  in  the  proper  frequency  regimes will, therefore,  be 
affected,  resulting  in  radio  interference  or  static. 

Aircraft  Electrical  Parameters 
It  is  thought,  however,  that  the  presence  of  the  corona  discharge  should  restrict  the  further 

buildup  of  charge  on  the  aircraft  beyond  the level  of  a  few  thousand  microcoulombs  maximum,  a 
quantity  too  low  to  produce  the  discharge  effects  described  by  the pilots. In Reference 5, cited 
carlier,  Shaeffer  examined  the  field  effects of a  small  fighter  aircraft (F-4) and  a large bomber (B-52). 
Shaeffer  estimated  that  a  charge  of 200 microcoulombs (PC) for  the F-4 and 3000 pC for  the B-52 
represent  the  maximum  charge  these vehicles  can  hold  (at sea  level) before  the  electrical  fields  at 
the  extremities  become  high  enough  for  charge loss  mechanisms  (corona)  to  occur.  For  example,  a 
net  charge  of 200 pC on  the F-4 results  in  a  field  of 20 kV/cm  at  the  pitot  mast. 
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Aircraft  capacitance,  potential,  and  electrostatic  energy  for  the  estimated  vehicle  net  charge values 
are  shown  in  Table 3. Since  the  aircraft  capacitance is very  small, it does  not  take  much charge to 
raise the vehicle to a  very  significant level. The charge  transferred by a  current  of  three mA in one 
second (3,000 P C )  raises the B-52 potential  to  more  than  two  million volts.  Potentials  of  this 
magnitude  have  been  measured  on  research  aircraft  in  the USSR.7 

TABLE 3 
AIRCRAFT  ELECTRICAL  PARAMETERS 

Capacitance 

Estimated Maximum  Net Charge 

Vehicle Potential 

Electrostatic Energy 

B-52 

1310pF 

3000pC 

2.3 x I O 6  V 

3400 J 

F-4 

420pF 

200pc 

4.7 x 105 v 
47 J 

G P 0 1 . 0 2 2 i . 3  

The  limiting  factor  on  stored  charge  and  potential  is  the  breakdown  strength  of  air  at  the high 
field  regions of  the  aircraft.  Charge loss from  corona  at  the  extremities will balance  the  incoming 
charge  from  triboelectric  charging  at  some  equilibrium value. It can be assumed that  the first  onset 
of  radio  static is concurrent  with  the  first  breakdown  of  air  at  the  sharpest  point  (highest field 
region) on the  aircraft.  The  fact  that  the  intensity  of  the  corona  builds  higher  and  higher  over  a 
period  of several seconds  indicates  that  the  first  onset  of  corona  does  not  stop  the  buildup  of 
charge on  the  aircraft.  There is a  limit  to  how fast  charge  can  be  removed  from  a given point  by 
corona  discharge.  Therefore,  it  can  be  expected  that  charge will continue  to build  up on the  aircraft 
until  a  potential is reached  where  enough  corona  sources  are  produced to  balance  the  charging 
current. 

cumulate  around  the  corona  points,  reducing  the field at  the  points,  and  allowing  additional 
potential  buildup on the  aircraft. With an  unlimited  source  of  charge,  a  corona  sheath  could  be 
formed  around  the  aircraft  whose  outer  dimensions  would  be  such as to  reduce  the average  field 
intensity  at  the  surface  of  the  sheath  to  the  point  that  no  further  air  ionization  occurs.  This  situa- 
tion  would  be  analogous to  the  corona  sheath  around  a  lightning  stepped leader.  The  capacitance 
and  charge  content  of  such  a  system (0.1 coulomb  of  charge  per  meter  of  length)  could  far  exceed 
the values for  an  aircraft  alone,  and  could  produce  the  type  of  activity  described  by  the  pilots.  How- 
ever, in order  to  build  up  and  maintain  the  corona  sheath  in  a  high-velocity  air  stream,  continuous 
corona  activity  would have to  be so intense as t o  continually  break  down virgin air as the previously 
ionized  molecules  are  swept  away. 

The  currents  required  to  sustain  the  intense electrical  activity  described  are  estimated to  be  in  the 
ampere  range, based upon comparisons  with  natural  lightning  leader  processes  and  with  laboratory 
high-voltage  machines. Normal  triboelectric  charging  rates  are  many  orders  of  magnitude  lower  than 
this.  Normal  charging  processes  could not  produce  corona  extending  more  than  a few  millimeters 
from  the surface. The charge  removed  by  one  corona  pulse  (about 10-9 coulombs)  equals  that 
normally  deposited  by 10-100 impacting particles.8 The  corona pulse rate is determined  by  the 

If the  aircraft  were  stationary,  one  could  argue  that  a  cloud  of  space  charge  would  quickly ac- 
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potential  gradient  at  the  surface,  which  can  in  turn  be  affected  by  how  fast  space  charge  is  swept 
away  by  the  windstream. 

In  order  for  the charging  rate to reach  the levels required to  sustain  the  described  electrical 
activity,  a  dramatic  increase  in  the  magnitude  of  one or  more  of  the  terms  in  the charging  equation 
must  occur.  The  frontal  area  of  the  aircraft is fixed and  the velocities at  which  the  activity is 
observed  are  within  a  relatively  narrow  range,  though  increased  velocity  does  intensify  the  effects 
somewhat.  Therefore,  either  the  charge  deposited  per  particle, or the  density  of  particles  must in- 
crease. There is evidence that  the  effects  are  more  predominant in  heavy  precipitation,  but  the 
volume density  of  particles  cannot  conceivably  increase  more  than  one  order  of  magnitude  from  the 
maximum values quoted in  Table  1.  However,  the number density  could  increase  dramatically  if  the 
droplet  size  were  reduced  accordingly  by  some  dispersion  mechanism.  Such  a  mechanism  would  be 
imposed by Rayleigh  instabilities if the  droplets were  highly  charged. A liquid  droplet  cannot  be 
charged  beyond  the  Rayleigh  limit  or  the  internal  electrical  forces will overcome  surface  tension  forces, 
causing it  to  break  into  smaller pieces. If droplets  could  somehow  attain  a very  high  charge content, 
they  would  disperse  into  a  fine  mist  (aerosol)  of  charged  droplets. 

supercooled  water. If such  charge  concentrations  could  exist,  the  maximum  stable  droplet size  would 
be of the  order of one p or less because  of  the  Rayleigh  limit.  Chalmers  cites  Twomey’s  calculations 
which  indicate  that  a 300-p ice  crystal  could  be  charged high enough  to  produce  corona  from  its 
surface (70,000 V/m)by  impact  with  a single one+  supercooled  water  droplet.  That  same  charge 
could  presumably  be  imparted  to  an  aircraft  impacting  the  same  droplet. 

thunderstorms.  Raindrop sizes are  normally  considered  to  be  in  the  millimeter  diamaeter. Assum- 
ing the  equivalent mass density  per  cubic  meter  of  one-micron  supercooled  water  droplets,  charging 
rates in  the  hundreds  of  amperes can be~calculated  for  an  aircraft  flying  at 100 meters  per  second, 
(with  a  10-meter*  effective  frontal  area).  Such high  rates  are  difficult  to  accept in practice,  but  then 
so are  the  pilots’  descriptions  of  electrical  activity on  the  aircraft  which  we  assume  to  be  accurate. 

I f  such high charging  rates  can  be  experienced in flight through  supercooled  water  droplets,  the 

Chalmers9  cites  calculations’by  Lueder  indicating  charge  densities as high as 0.2 coulombs  per cc of 

Nanevicz quotes  a  normal  raindrop  concentration  of 5 x lo4 per  cubic  meter  (Table  1) in 

right  combination  of  atmospheric  conditions  must  only  occur  on rare occasions,  since  such high 
charging  rates have not been  measured  in  any  experimental  programs. 

TRIGGERING  CONDITIONS 

An alternative  mechanism  which  might  explain,the  observed  activity is suggested  by laboratory 
discharge  phenomena  and  by  strike  incidents involving aircraft  towing  long  conductors. 

Laboratory Discharges 
The observances of St. Elmo’s fire  extending  for several feet  and  one-  to  two-meter  discrete 

sparks  around  the  aircraft  can  only  be  explained  by  aircraft  potentials  of  millions  of  volts  relative 
to  the  surrounding air. These  effects  can  be  demonstrated  in  the  laboratory  by  attaching a model 
aircraft to  the  output  of  a very  high voltage DC power  supply,  as  shown  in  Figure 4. As the  output 
voltage is increased  sufficiently,  the  model will begin to  emit  corona  at  the  sharpest  points. If the 
voltage is raised higher, the  corona will intensify  and  more  corona  points will be  produced. As the 
potential is raised  still further,  small  discrete  instantaneous  discharges  into  the  air  may  be  produced 
and  the  model  may  be engulfed  in  a  glow  of  plasma,  particularly at  reduced pressures. If the voltage 
is raised further,  eventually  a  loud  spark  discharge will be  produced to  (or  toward)  the  nearest 
grounded  object.  Figure 5 illustrates  this  process  for  a  test  where  voltage was limited  to  100 kV. 
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FIGURE 4 
AIRCRAFT CORONA  EXPERIMENTAL  ARRANGEMENT 

A. 60  kV, Incipient Corona B. 75 kV - Corona  Builds 

C. 90 kV - Intense  Corona D. 100 kV - Discharge to Ground 

G P 0 1 - 0 2 2 1 - 9  

FIGURE 5 
CORONA  FROM  MODEL  AIRCRAFT IN LABORATORY  EXPERIMENT 
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In  this  situation,  there is an  unlimited  amount  of  charge available to raise the  model to the  high 
potential level and to maintain  it  there  despite  the  corona  discharge process. The  actual  charge 
required  for  this  laboratory  experiment is  very  small;  about  a  milliamp  of  current is required to 
maintain  the  heaviest  corona  prior to discharge  (assuming  a  maximum  voltage  level  of  75-100  kV). 
For an  aircraft  in  flight,  however,  the  corresponding  current  might  be  in  the  hundreds  of  milliamp 
range or higher,  as  mentioned  previously. 

Based on  the  similarity  of  the  observed  aircraft  electrical  activity to the DC power  supply case, 
and  because  of  the  difficulty  in  postulating  an  extraordinarily  large  amount  of  static  charge  around 
the  aircraft  in  the  presence  of  aerodynamic  flow,  a triggering  process  which  approximates  the  power 
supply  condition is desirable to explain  the  observed  electrical  activity  reported  by  the  pilots. 

Aircraft  Towing  Long  Conductors 

towing  gunnery  targets  on  the  end of long  steel  cables.  The  pilot  reports  bear  a  remarkable  resem- 
blance to  the  commercial  incidents  described  previously,  except  for  the  weather  conditions  at  the 
time  of  the  strike. In these cases, the  reports  of  outside  observers  are  available  because  the  incidents 
involve  aircraft  flying  in  formation  with  the  tow  aircraft  at  the  time of the  event.  The  incidents  are 
unique in that  they involve  aircraft  towing  long  electrical  conductors  extended  as  far  as  15,000  to 
18,000 feet  behind  the  aircraft.  At  least  ten  such  events  have  been  reported  in  the  last  few  years. 

In  the first  case to  be  examined,  the  tow  aircraft  and  the  chase  plane  were flying at  3,000 feet 
in  light  rain,  but  they  were  flying  toward  a  thundercloud.  The  pilot  in  the  lead  plane  reported 
“static  electricity”  discharging  from  his  refuleing  probe. His wingman  also  observed  discharges 
emitting  from  the  front  of  the  drop  tanks  and  the forward section  of  the vertical  stabilizer  on  the 
lead  aircraft.  Approximately 20 seconds  later  the discharges  were  terminated  by  a  “large  electric 
arc  discharge  from  the  refueling  probe.”  The  wingman  noted  that  the  discharge  caused  the  aircraft 
t o  have  a  “halo  effect”  with  smaller  static  discharges  emitting  from all surfaces  of  the  aircraft.  (This 
halo  effect  following  a  discharge  has  also  been  observed  in  laboratory  experiments.10)  The  incident 
was reported as static  electrical  discharge  with  lightning  strike  unlikely. 

In another case, the lead  plane was observed to  experience  St. Elmo’s fire  initially  on  the  nose 
refueling  probe.  The  intensity  increased,  with  arcing  noted  up  and  down  the  probe  by  the  pilot. 
“The  aircraft  soon  became  engulfed  with  the  static  discharge  which  immediately  resulted  in  a  large 
explosive  sound.”  The  pilot  experienced  minor  shock  but  there  were no other  problems. 

In another  multiple  aircraft  incident,  both  the  crew  members  of  the  lead  aircraft  and  the  chase 
plane  pilot  observed  a  six- to  eight-foot  blue-white  electrical  charge  buildup  forward  from  the  radome 
tip.  Approximately  ten  seconds  later,  a  brilliant  flash  of  light  and  a  loud  report  occurred.  Lightning 
was not  observed to strike  the  aircraft  by  the  chase  pilot.  He  observed  that  the  arc  discharge from 
the  aircraft,  through  the  towed  conductor. 

The  similarity  of  the  electrical  activity  described  during  the  commercial  incidents  which 
occurred  while  flying  through  freezing  precipitation  and  the  military  incidents  involving  long  trailing 
conductors is  inescapable.  The  similarity  leads to the  consideration  that  ionization  or  charging  pro- 
cesses may  be  taking  place  in  the  wake  of  aircraft  flying  in  precipitation  which  could  produce  the 
same  effect  as  a  trailing  conductor.  In  order to show  that  such  a  highly  conducting  wake  might  be 
produced,  the  electrical  processes  involving  clouds,  ice  and  water  in  the  freezing  zone will be reviewed. 

An  interesting  series of flight  incident  reports involve electrical  discharges to Navy aircraft 
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Electrification Processes  in  Freezing  Rain 
It was emphasized  earlier  that  the  reported electrical  discharges  generally occur in  precipitation 

at or near  the  freezing level. The  investigator  might  reasonably  question  what is unique  about  this 
region  compared to other  precipitation  zones, i.e., what  extradordinary  charging  activity  could  be 
produced  in  this  environment? 

In  studies  of  cloud  charging  mechanisms,  it is notable  that  the  presence  of  supercooled  water 
drops  is  an  essential  element  in  many  of  the viable theories  of  cloud charging. These  theories,  which 
closely predict  the  charging  rates  and  polarities  actually  observed  in  clouds,  involve  freezing, glazing, 
or  riming  processes  where  the  latent  heat  of  supercooled  water  droplets is released upon  impact 
with  ice  particles. 

Pure  water  in small quantities  has  a  low  probability of freezing  spontaneously  until  its  tempera- 
ture is lowered to  -4OoC, the  Schaefer  temperature  l. However,  microscopic  analysis  of  hailstone 
structure  shows  that  the  layers  of  riming  and glazing indicate  that  most  supercooled  droplets  are 
frozen  at  temperatures  lower - 15OC. As shown  in  Figure  1,  the  weather  statistics  for  lightning  strike 
incidents  indicate  that  most  strikes  to  aircraft  occur  at  temperatures  between -1OOC and +1 OC. 
Griffiths12  found  that  corona  currents  cannot  be  drawn  from  ice  crystals  colder  than -1 8OC because 
the  surface  conductivity  drops  too  low  below  this  temperature. 

The electrical  properties  of  water  and  ice,  particularly  in  turbulent  mixture,  are  extremely  com- 
plex. No definite  laboratory  experiments have  been conducted which  provide  a  solid basis for 
confirming o r  disproving the various  charge  separation  theories.  Chalmersl  provides  an  extensive 
review of  experiments  investigating  the  electrical  effects of freezing,  riming, glazing and  the  effect 
of  electrical  fields on freezing.  The  experiments  he  reports  include  the  work of Workman  and 
Reynolds, Mason and  Maybank, Evans and  Hutchinson,  Latham  and  Mason,  Lueder,  and  Twomey. 

Chalmers  notes  that  in  many  of  these  experiments  with  supercooled  water  droplets,  extraordi- 
nary  charge  exchange  rates  are  measured.  He  cites  the  calculations  of  Lueder9  which  indicate  that 
sllpercooled  water  can  yield 0.2 coulombs  of  charge  per cc. In  experiments  where  ice  crystals as well 
as water  droplets  are  present  during  the  freezing  process,  exceptionally  high  charging  rates  are 
observed  which  tend to  support Lueder's  calculations.  Chalmers  also  notes  that  the  many  variables 
present  in  these  experiments  make  it  almost  impossible  to  model  them  analytically.  These variables 
include  the  presence  of  impurities,  air  bubbles,  mixed  physical  states,  bursting  and  splintering  of  ice 
crystals,  and  many  others.  Because  of  these  many  variables,  it  has  been very difficult  to  develop 
theories  describing  a  consistent  pattern  of  charging  behavior  in  the  complex  freezing  zone.  The 
many  experiments  which  have  been  attempted,  both  in  the  laboratory  and  aloft,  have  only  shown 
that very substantial  charging  rates  can  be  experienced  in  this region. 

In 1972,  Dawson14  briefly reviewed the principal  charging  mechanisms,  noting  those  that  could 
in  some  way  be involved in  aircraft  electrification  mechanisms. He notes  that  the  most  interesting 
aspect  of  electrification  studies  involving  ice  and  water is not  that charge  separation  can  readily  occur, 
but  that charge  can  be  separated  in so many ways.  He  expresses surprise  that  aircraft  workers  assume 
that  the highest  charging  rates  are  in  frozen  ice  crystals, rather  than  in  the freezing zone where the 
most  active  charge  mechanisms  are  known to  exist. 

The  major  charging  mechanisms  that  could  in  some way be involved  in  aircraft  electrification 

a.  Thermoelectric  effects  -Whenever  two  surfaces  of  ice  of  similar  impurity  content  at  different 
temperatures  come  into  temporary  contact, charge  transfer  occurs  and  a  potential  difference 
is developed  between  the  surfaces.  Thermoelectric  effects  may  result  from  asymmetric 
rubbing  contact  or  breakup  of fragile  crystals.  Dawson  notes  that  the  most  important 

include: 
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source  of  temperature  difference  between  ice  crystals in  a  cloud  results  from the latent  heat 
of  fusion  released  by  the  freezing  of  supercooled  drops  colliding  with ice crystals,  thus  inten- 
sifying  the  thermoelectric  effect as the  warmed  crystals  collide  with  colder  ones. 

b.  Freezing  potentials - Rain  and  cloud  drops  are  dilute  solutions  of  salts,  and  when  dilute 
solutions  freeze,  they  produce  freezing  potentials, i.e., the  ice  becomes  charged  with  respect 
to the  water.  Typical  salt  concentrations  in  coastal  waters  are  in  the  right  range to result in 
very  potent  charging  rates. 

charged  by  a  mechanism  which  has  never  been  fully  explained.  Riming  always  produces 
charging  of  the  rimed  surface,  including  aircraft. 

d.  Glazing - Chalmers13  notes  that  electrical  effects  accompanying glasing are  complicated  by 
effects  due to water  and  ice  impacts. For water  which is not  supercooled,  it  has  long  been 
known  that  impact  with  ice gives a  positive  charge to the  ice  and  a negative  charge  is  carried 
off.  Chalmersl5  notes  that  Meinhold  found  a  strong negative  charge to  be  produced  on  the 
surface  of  an  aircraft  flying  through  a  cloud  of  supercooled  water  droplets,  while glazing  was 
taking  place.  However, no further  information is available on  that  1951  German  work. 

electrical  effects  of  melting,  noting  that  the  experiments  which  have  been  conducted  imply 
that  the  process is sensitive to impurities,  among  them  carbon  dioxide.  The  experiments  also 
suggest that  the  presence  of  airflow  may  be  a large factor  in  explaining  the  large  charging 
rates  observed  in  clouds  at  the  melting  level.  If,  for  example,  molten  snow  forms  water  drops 
big enough to be  shattered  by  an air stream,  the  actual  process  would  correspond  to  that  of 
splashing,  a  process known  to  generate large charge  transfer  rates. 

c. Riming - Surfaces  undergoing  riming  with  large  enough  supercooled  drops  become  highly 

e.  Electrical  effects  of  melting - Chalmers  decries  the  lack of definitive  experiments  on  the 

The  point of this review is t o  establish  that varied and  sometimes  surprisingly  intense  charge  ex- 
change  mechanisms  can  be  active  in  a field of  suspended  ice  crystals  and  supercooled  water  droplets. 
For  the  sake  of  the  following  discussion,  one  might  envision  that  the  particles  represent  an  electri- 
cally volatile  medium  with  a  complex  mixture of mobile  and  relatively  immobile  charge  carriers; 
sort  of  a  quasi-plasma.  (In  addition  to  the  ice  and  liquid  particles,  a  high  concentration  of  micro-. 
scopic  particles  and  ionized  vapor is probable). 

In support of this  scenario, it is interesting  to  note  that  radar  signatures of rain  clouds  display 
what is called the  “bright  band”  phenomenon  at  the  freezing level. Chalmers16  reasons  that  the  reflec- 
tions  are  more  intense  at  this level because  (a)  water  reflects  better  than  the  ice  above,  and  (b)  the 
water  drops  are  not  dropping as  fast at  this level  as they  are  at  lower levels. However,  pilots  know 
that  there is usually  some  turbulence  at  the  freezing level (an  interesting  fact  in  itself),  leading  to  the 
conclusion  that  there is always  charge  exchange  taking  place  there.  That  means  that  there is also  a 
higher  concentration  of  ionized  particles  and  vapors  there,  including possibly  ice  particles  emitting 
corona,  which  could  increase  the  reflectance of electromagnetic waves. Perhaps,  then,  the  radar 
“bright  band”  phenomenon  might  be  an  indicator  of  the  electrical  volatility of this  cloud  region 
(which  may  be  more  intense  at  some  times  than  at  others).  Unexplained  radar  bright  zones  are also 
observed  in  thunderclouds. 

Although  there  may  be  intense  charge  exchange  activity  going on at  the  freezing level in apparently 
stable  cloud  systems,  there  is  no visible  electrical  activity  because  there  is no  effective  mechanism 
for large-scale charge  separation.  The  strong  updrafts  present  in  thunderheads  are  not  present  in  the 
cloud  systems  being  considered, so they  exhibit  only  weak  concentrations of net  charge. 
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Aircraft  Passage  Through Freezing Rain 
Now, i t  is interesting to  speculate  about  the possible effects of  a large,  highly-charged  mass of 

metal, passing at high  speeds  through  this electrically-volatile  field of  suspended ice crystals  and 
supercooled  water  droplets, leaving in  its  wake  a  turbulent  exhaust  of  hot gasses and  contaminants. 

As the  aircraft passes through  this  freezing  layer,  it  introduces several perturbing  effects, as illus- 
trated  in  Figure 6. First,  it  produces  intense  turbulence  in  its  wake,  generated  by  both  aerodynamic 
and  engine  exhaust  effects.  The  turbulence will persist for periods up  to several minutes,  and will 
expand  into  a large volume  around  the  flight  path.  This  turbulence,  which is a  function  of  aircraft 
velocity,  can  be  expected to  intensify  the  charge  exchange processes  in the wake  of the  aircraft, as 
it mixes and  agitates  the various ingredents in the wake. 

Poten 

@ Charged Particles from  Triboelectric  Impact  with  Aircraft - Positive Charges 

@ Electric  Field Produced by Presence of Charged Aircraft 

GP01-0221-10 

FIGURE 6 
PASSAGE OF  CHARGED  AIRCRAFT  THROUGH  FREEZING  RAIN 

The  second  effect is produced by the high electric field surrounding  the aircraft.  Through conven- 
tional  triboelectric  charging,  the  aircraft will build up  a negative  charge  of at  least  hundreds of  kilo- 
volts. Thus,  the  presence  of  an  intense  electric field is assured, both  at  the  aircraft/particle  impact 
interface  and in the regions around  the  aircraft  where  charge  exchange  between  particles is taking 
place.  Chalmers17  cites  experimental  evidence  showing that charge  exchange  mechanisms can be  in- 
tellsified  by a  factor  of 100 in a  30-kV/meter field. The high potential  of  the aircraft  might also 
serve to  effectively  enlarge  its  aerodynamic  size in the charged environment by  accelerating  charged 
particles  already  present at  the freezing level toward  or away from  the  aircraft,  depending  upon  the 
polarity  of  charge  on  the  particle.  One  effect would be  to  add to  the  turbulence  produced. 
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Another  perturbing  influence is the  presence  of  the  aircraft  as  a  catalytic  agent  in  the  charge ex- 
change  process.  The  results  of  several  laboratory  experiments  noted  by  Chalmers  were  discounted 
as being  useful  in  the  development  of  cloud  physics  theories  because  of  the  presence  of  apparatus 
in  the  test  volume  which was thought to influence  the results. For  example,  he  reports18  that 
Pruppacher  investigated  the  effect  of  an  electric field in  causing  freezing  of  supercooled  drops. His 
conclusions  were  that  an  effect  exists  only  when  there is a  solid  surface  present,  and so electric  fields 
are  not  a  factor  in  actual  clouds  in  the  atmosphere.  For  the  aircraft case,  however,  this  effect  may 
be important. 

Another  perturbing  effect is the introduction  of  turbulent  hot  exhaust gases containing  various 
chemical  contaminants  into  the  freezing  zone.  The  hot gases can  produce  charge  exchange  by  melting 
frozen  particles  and  can  greatly  intensify  thethermoelectric  effect  by  providing  a  source  of  warm 
particles  in  a  freezing  environment.  The  presence  of  contaminants  can  intensify  the  charging  rates 
produced  by  melting.  Also,  contaminants  such  as  sodium  along  with  low  pressure  wake  regions,  can 
enhance  photoionization  processes  which  are  involved  in  streamer  formation1 9. 

Finally,  the  coulomb  repulsion or attraction  of  the  aircraft  on  the  particles  may  introduce  a 
charge  separation  mechanism.  The  polarity  of  charge is not  randomly  distributed  on all  particles. 
Rather,  there is a  definite  categorization  of  charge  according  to  particle  size  and  state.  For  example, 
ice  particles  tend to  be  charged  positive  and  water  particles  negative.  Larger  ice  particles  are  positively 
charged  and  small  ones  negatively.  (The  counterflow  of  these  particles  produced  by  the  aircraft  poten- 
tial  field may  be  another  intensifying  factor  in  the  charging  process.)  However,  whether  there  might 
be  a  net  charge  separation  effect  over  long  distances is difficult to  determine.  The  fact  that  particles 
will be  charged  differently  according  to size and  type  implies,  however,  that  there will be  some  net 
movement  and  separation of charges,  however  small  that  might  be. If enough  accelerated  charge 
exchange  occurs  in  the  aircraft  wake,  however, large-scale charge  separation  may  not  be  required to 
produce  the  circumstances  necessary  to trigger  a  discharge  through  the  freezing  layer. 

Ionization Levels 
As mentioned  earlier,  the  effects  of  ionization levels  in the  aircraft  wake  produced  by  the  engine 

exhaust were  investigated5  as  a  possible  lightning  triggering  mechanism.  It  was  concluded  that  the  ion 
concentrations in the  exhaust  are  too  low,  in  themselves,  to have  an  effect. In this  case,  however, 
the  exhaust  ions  are  supplemented  by  the  ionized  corona  streaming  from  the  charged  aircraft,  the 
charged  particles  resulting  from  collision  with  the  aircraft,  and  the  ionized  particles  and  vapors re- 
sulting  from  the  various  charge  exchange  mechanisms  produced  in  the  turbulent  wake. 

engine  exhaust  ionization levels. 

thunderstorm anvils are  calculated  to  be  in  the  105-107  charges/  cm3  range,  one to two  orders  of 
magnitude  higher  than  the  values  quoted  by  Shaeffer  for  engine  exhausts.  However,  these  charges  are 
not  free  electrons. 

These  values  can  be  compared to ground-based  measurements  of  charges  on  falling  rain  droplets 
cited  by  Chalmersl 8. Charge  densities  of 2 x lo6 per  cm3  were  measured  by  collecting  falling  rain 
droplets.  However,  related  experiments  showed  that  with  a  30-kV/m  field  applied,  drop  fragmenta- 
tion  occurred  resulting  in 2 x  109  charges  per  cm3  of  water  collected.17 

Table 4 lists  charge  concentration  values  in  various  media  as  reported  by  Shaeffers  in  his  study  of 

Using  Nanevicz’s  values from  Table 1 for  particle  charge  and  density,  charge  concentrations  in 
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TABLE 4 
A  COMPARISON OF ELECTRON  CONCENTRATION  VALUES 

Electron  Concentration In 

Free Atmosphere 

Jet Exhaust 

Rocket Exhaust 

Lightning Streamer Head I Quantity (e/crn3) 

10-1 03 

103-1 05 

1012 

1012 

G P 0 1 - 0 2 2 1 . 4  

Chalmers  also  cites  the  work  of  Twomey  and  of  Lueder9  (mentioned  earlier)  regarding  charging 
processes  involving ice  crystals  and  supercooled  water.  Twomey  observed  that  an  ice  particle  cannot 
hold  a  charge  greater  than  that  which  would give it  a  surface  potential  gradient  of  70,000  V/m if it  
were  spherical;  he  pointed  out  that  a  300-micron  ice  particle  could  be  charged to  more  than  that  by 
a single impact  with  a  one-micron  supercooled  water  droplet,  based  on  Lueder’s  figure  for  supe,r- 
cooled  water  of  -0.2  coulomb  per  cc (1.2 x  1018  charges/cm3). Using these values, Twomey cal- 
culated values for  charge  exchange  in  thunderstorms  which  agree  quite well with  measured values. 
If Lueder’s  value  of  1.2 x 10 8 charges/cm3 of supercooled  water is correct,  the  ionization levels in 
the  agitated  wake  of  an  aircraft  flying  through  supercooled  droplets  could  conceivably  approach  or 
even exceed  the levels of  ionization  in  a  lightning  streamer. 

In  regard to  the earlier  mention  of  the  bright  band  radar  signature  at  the  freezing level, plasma 
physicists use the following  simple  equation  to  determine  the  penetration  frequency  of RF beams 
into plasmas,  where  f is the  penetration  frequency  and  n is the  ion  concentration  in charges/cm3. 

f = 9000,/  n 

Weather  radars  operate  around  2.9  gigahertz  or  2.9  x  109  hertz. Solving for  the  ion  concentration 
necessary to  reflect  this  frequency, 

f2 8.4 x 1018 - 1 x  1012  ions/cm3 n =  - 

8.1  x  106 8.1 x lo6 

If the bright  band  phenomenon is due to ionization  at  the freezing  level, then  ion  concentrations  of 
at least 1 0 1 2 1 ~ ~ 3  must  exist. 

The  contribution  from  corona  currents  flowing  from  the  aircraft  might  also  be  considered as 
significant.  Discharge  rates as high  as three  mA  were  reported  by Nanevicz8 in  ice  crystals.  One 
might  conservatively  estimate  that values 10-1 00 times  this level might  be  experienced  flying  through 
supercooled  droplets.  A  discharge  current  of  100  milliamps  from  a  few  discrete  corona  points  would 
bleed  6  x 1017  free  electrons  per  second  into  the  wake.  At  a  speed  of  around 200 knots  (104cm/sec), 
6 x 1 0 l 3  electrons  per  centimeter  of  path  length  would  be  discharged.  The  triboelectric  particles  pro- 
ducing the charge on  the  aircraft  would  deflect  off  of  the  aircraft  into  the  slipstream,  separated  by 
some  distance  from  the  corona  stream,  thus  preventing  instant  change  neutralization. 
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Air Conductivity 
Although  very  high  charge  densities  can  be  postulated  in  the  wake,  unless  the  charges  are  mobile 

enough to move  freely  in  an  external field, the  wake  cannot  act as  a  conductor. The charges  are 
essentially  frozen  in  a  dielectric  medium.  The  conductivity  of  air  is  normally  lower  in  a  cloud  than 
in  open  air  because  the  moisture  droplets  capture  the  free  vapor  ions  and  prevent  them  from  moving 
in  the  external field. It  must be assumed,  therefore,  that  the  same  condition will exist  in the wake 
and the charges will be  attached to relatively  immobile  ice  particles  or  water  droplets. 

Under  laboratory  conditions,  the  electrical  breakdown  of  a  block  of  solid  dielectric  material  con- 
taining  a  large  concentration  of  frozen  internal  charges will occur  at  a  lower  applied  voltage  than  a . 

similar  block  of  material  with  no  charges  imbedded.  The  fields  around  the  individual  charges  add to 
the  externally  applied  field,  resulting  eventually  in  a  spark discharge through  the  volume  of  material 
as the  applied  voltage  is  increased.  For  example,  Griffiths12  demonstrated  a 20 percent  reduction  in 
the  external field  required to produce  corona  from  ice  crystals  if  they  were  initially  charged  to 
nominal values. 

In order to further  enhance  the  conductivity  in  the  wake,  the  charge  density  must  be so high  that 
significant  free  charges  are  constantly  being  liberated  by  corona  from  ice  and  water  particles.  This 
condition  could  conceivably  exist  based  upon  Twomey’s  calculation  that 30011 ice  particles  could  be 
charged to  corona  threshold levels (70,000 V/m)  by  a single impact  with  a l p  supercooled  water 
droplet.  Dawsonlg  reasons  that  this  process  may  result in a dynamic  er;uilibrium  of  corona  generation 
and  reattachment  which  could  explain  the  unusually high  conductivities  measured  by  Evans  (Arizona) 
in  Dropsonde  measurements of clouds  at  the  freezing level. In  this  environment,  the  propagation of 
high  voltage  streamers  from  the  aircraft  may  be  significantly  enhanced. 

Streamer  Generation 
The  physical  mechanisms  leading  to  spark  discharges  involve  the  generation of streamers  from  an 

electrode  into  the  surrounding  atmosphere  or  toward  a  nearby  concentration  of charge. The 
streamers  are  weakly  ionized  filamentary  channels  which  are  produced  when  the  charge  density  at 
a  point passes a  critical level. Streamers  are  initiated  from  a  Townsend  avalanche  processes  which 
relates to  the  buildup of a  space  charge  in  an  applied  external  field.20  When  the  charge  density  reaches 
the  critical  level,  photoionization  of  the  adjacent  air  in  the  direction  of  the  applied field allows  the 
charge  volume to grow  in  that  direction.  The  requirement  for  propagation is  related to the  ratio of 
field strength  to  pressure, E/P. 

At  sea level,  field strengths  of  about 30 kV/cm  are  required  to  initiate  streamers,  but  at  altitudes 
of several thousand  feet,  the field strenght  required is less. Once  a  streamer is formed,  the  electric 
field  required  for  continued  propagation is much  smaller.  Phelps21  has  shown  that  an  ambient field 
of 7 kV/cm is sufficient  for  continued  streamer  propagation  at sea  level.  Most lightning  researchers 
feel that  natural  lightning  can  be  triggered  by large  scale ambient  fields  of 3-4 kVlcm.1  Streamers 
may gain  energy  from  the  ambient  field.  However,  they  can  propagate  in  zero  field  regions  if  they 
gained  sufficient  initial  energy.22 

. Since  streamers,  once  initiated  from  the  aircraft,  can  propagate  in  low  field  regions,  any  amount 
of  free  charge  in  the  wake  added to the  external field gradient  might  allow  streamer  propagation 
through  the  wake  in relatively low  ambient fields. The  streamer  would  then  provide  a  sufficient con- 
centration  of  free  electrons to act  as  a  conductor  and  compress  the  external  field. 
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Streamers,  unlike  corona pulses, are not short-lived pulses. They  propagate  at  a  rate  of  a  few 
tenths  of  a  meter  per  microsecond as long  as charge  is  available at  the  source  to sustain the field at 
the  tip  at  the level needed to  continue propagation.  In  order  for  streamering  activity to reach the 
levels necessary to  produce  the observed  effects, it  would  be necessary for  the  potential  of  the air- 
craft to  be  sustained at  a high level by  triboelectric processes and  for  the  charge  density  and distri- 
bution  in  the  wake to   be high  enough t o  allow continuous  streamer  propagation  from  the charged 
aircraft  over  a  period  of several seconds.  An ambient  electric field  would  aid the process. 

INTENSIFIED FIELD DISCHARGE HYPOTHESIS 

Potential  gradients  in  rain  clouds  are  probably on the  order  of  a  few  thousand volts per  meter. 
Airborne  measurements in stormy  clouds have shown  that large  localized horizontal  gradients  exist 
at  the freezing leve1.23 Although  they  are very  rare,  a  few  measurements  have  been  made  in  non- 
stormy  clouds  showing that  horizontal  gradients also  exist  there.24  It is reasonable to  expect  that 
pockets of charge  should  exist in rain  clouds  since the  precipitating  droplets  carry charge  (usually 
of one  polarity) to  earth, leaving a  net charge in localized  regions of  the  cloud.  Potential  gradients 
normally  measured in electrically  active  clouds  (visible  lightning)  are in the tens of kilovolts  per 
meter,  with  at least one  measurement  of  340,000  V/m  at  the  surface  of an airplane  just  before  it 
was struck by lightning.23  However, the principal concern  here is nonstormy  clouds since most of 
the slow buildup  of  events  occur where no visible lightning is present.  It is assumed that  the presence 
of  potential  gradients  on  the  order of 20  to 30 kV/meter  or higher will signal the  production  of 
some  natural lightning. Therefore, we  will consider  ambient  potential  gradients on the  order  of  10 
kV/m  or  lower. 

Pierce25  has  investigated the  requirements  for  initiation  of  lightning  to elevated structures  and 
other  man-made  disturbances of the  atmosphere.  He  concluded  that  the usual values of ambient 
electric fields are on  the  order of 10 kV/meter  to trigger  lightning  and  the  voltage  discontinuity 
between  the  object  initiating  lightning  and  adjacent  atmosphere is about 106 V.  He concludes that 
structures  must be at least a few hundred  meters high to trigger  lightning. 

meter)  steel cable. If the aircraft  and  target  enter  a region with  a  IO-kV/meter  gradient  with  the 
flight  path aligned  with the maximum  gradient, the long tow cable will essentially short  out  the 
gradient  field,  concentrating  the  equipotential field lines at  the  front  end  of  the  aircraft.  This  effect 
is illustrated  by the  sketch in Figure 7. If the full length  of  the 5,000-m cable entered  the field 
region, a SO-million volt potential  would be developed at  the  ends  of  the cable.  Long  before  such a 
potential  could  be  established, however, intense  corona  currents  would develop at  the  aircraft  with 
other  manifestations of high  electric  fields  such as streamering  and  periodic  short  spark discharges. 
In fact,  the  exact  conditions described  by the pilots  could  be  expected. 

In such  a case, the  intense field at  the aircraft  would be in the  direction  ahead  of  the  aircraft. 
Therefore,  the  corona  and  streamering  would be  projecting  ahead of the aircraft as described. Recall 
the tow-target  incident  where the chase  pilot  described corona  and  streamering issuing from  the 
forward  edge of the vertical  stabilizer,  rather  than  the trailing  edge. As the  potential increases  fur- 
ther,  it is reasonable to  expect  that leaders will emanate  from  the  aircraft  forward  the charge  centers, 
resulting  in  an abrupt discharge  between the  pockets  of  atmospheric charge  which  generated the 
field,  with the aircraft  and  cable  constituting  the principal current  path. 

Consider  now the case of  an  aircraft  towing  a  gunnery  target  at the  end  of  a  15,000-foot (5,000- 
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b) Aircraft and Trailing Conductor Enter Field Region 

c)  Aircraft and Trailing Conductor Within Field Region 

G P O 1 - 0 2 2 1 . 1 1  

FIGURE 7 
ELECTRIC  FIELD COMPRESSION BY AIRCRAFT  WITH  TRAILING CONDUCTOR 

Now it  can  be seen  how  an  aircraft  with  a  conductive  wake  in  freezing  precipitation  could 
trigger a lightning  strike. If the  conductivity  of  the  wake is sufficiently  enhanced  by  corona  and 

41 1 



streamering  activity,  charges  can  migrate  in  the  wake to cancel  the  external  field,  thus  intensify- 
ing  the field at  the  aircraft  and  accelerating  the process.  Intense  corona  and  streamering  would be 
produced  at  the  aircraft  leading  eventually to an  abrupt  discharge as charge  centers  in  the  cloud 
are  discharged  through  the  aircraft  and  wake. 

If the  aircraft  should  enter  the  precipitation  zone so that  the flight path is perpendicular  to  the 
gradient  field,  no  unusual  charging will result;  only  conventional  triboelectric  charging  effects will 
be observed.  Therefore,  it is necessary that  the flight path  be generally  aligned with  the  ambient 
field before  triggering  can  occur. 

Discharge Effects 
If the charge  concentrations in the  clouds  are  too weak to  trigger  lightning  naturally,  it is likely 

that  the discharges,  when  triggered,  would  be less energetic  than  a  normal  lightning  strike  which is 
energetic  enough  to self-trigger. There  would  presumably  be  no  continuing  currents  or  restrikes,  but 
there  would be both  arc  entry  and  arc  exit  points  since  this  event is actually  a triggered  discharge 
within  a  cloud  rather  than  a  static  discharge  from  the  aircraft.  Fitzgerald’s  measurements suggest 
this view. 

1 

There  are  other  aspects  of  the  pilot  reports,  however,  which  indicate  that even  triggered lightning 
may  produce severe damage.  For  example,  in  almost all of  the  tow  target  incidents,  the  steel cable 
was parted  by  the discharge.  In one case, the chase  pilot  who  reported  that  he  did  not see lightning 
strike  the  tow  plane  also  reported  that all that was left  of  the 18,000 feet  of  steel  cable  after  the dis- 
charge was “a three-mile  puff  of  brown  smoke”!  This  incident is difficult  to  explain, even if a full- 
threat  natural  strike is assumed.  In addition,  the  strike which  downed  an Air Force KC-130 in 1978 
fit the  description of a triggered strike  and  yet  it  contained  enough  continuing  current to burn  a  hole 
through  the  wing  skin  and  ignite  the  fuel vapors. Brook  et. a1.26 speculate  that  most triggered strikes 
to  ground  are of the  continuing  current  variety.  Of  course,  it is possible,  and  even  probable,  that  in 
certain  circumstances  both  aircraft  triggering  conditions  and  natural  triggering  conditions  could  be 
right at  the  same  time. 

NEED FOR SUPPORTING EXPERIMENTS 

The  crux of this  hypothesis is weather  or  not  an  aircraft  flying  through  the  freezing  layer in a 
rain  cloud  could  produce  enough  conductivity  in  its  wake to  trigger  a  lightning  strike.  The  charge 
concentration levels and  the proven  charge  exchange  mechanisms  present  in  the  freezing  zone  in- 
dicate  that  the  necessary levels could possibly be  produced.  However,  there is a  lack  of  definitive 
charge  exchange  experiments  and  analytical  models  which  could  be  used  to  test  this  hypothetical 
situation.  There is also  a  lack  of  data  related to  potential  gradients  and  space  charge  concentrations 
in  nonstormy  clouds.  Both  new  laboratory  experiments  and  in-flight  measurements  conducted in the 
freezing level are  needed to  adequately  explore  the possibilities  of  this  hypothesis. 

Because of the  complexities  of  the  charging  theories  and of the physical  situation,  analytical 
modeling  of  the  hypothetical  discharge  procedure  would  appear  to  be  untenable.  However,  new 
laboratory  experiments  can  be  suggested  to  evaluate  air  ionization  under  freezing  zone  conditions. 
Excellent  opportunities  for in-flight measurements  and  triggering  experiments  are  afforded  through 
the  current Air Force  and NASA lightning  research  flight p r 0 g r a m s . ~ ~ , * 8  

Since the lightning  mishap  statistics  indicate  that  the  bulk  of  aircraft  strikes  occur  in  freezing 
precipitation  with  no  thunderstorm  activity  present,  it  seems  reasonable  to  orient  at  least  a  part  of 
the flight  programs to  seeking out  the freezing  zone  in  nonstormy  precipitation  clouds.  Flights  at 
different  velocities  and  in  different  synoptic  conditions  should  produce  electrical  charging  conditions 
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and,  perhaps,  discharges  that  could  be  interpreted  as  lightning.  Ideally,  the  research  aircraft  should 
be  equipped  with field  mills to help  discover the highest  field  regions  and align the  flight  path  with 
them. 

Pilot  reports  from  the  UAL  study  indicated  that  they  felt  that  aircraft  velocity was an  important 
factor  in  producing  the  discharges. I n  fact,  some  pilots  were  sure  that  they  could  prevent  a  discharge 
by  throttling  back  the  engines  when  the  corona  and  static  conditions begin to build.  Of  course,  this 
action  affects  most  of  the  parameters  postulated  as  ionization  mechanisms.  Aircraft  potential,  wake 
turbulence  and  engine  exhaust levels are all affected.  Therefore,  flight  experiments  should be con- 
ducted  over  a  wide  range  of  aircraft velocities. 

Flight  research  planners  might  also  want to consider  equipping  their  aircraft  with  target  towing 
equipment  allowing  them to tow  a  trailing  conductor  up to 20,000 feet  behind  the  aircraft.  These 
measures  might  be  more  logical  (and  safe)  than  flying  into  active  thunderstorms  in  an  attempt to 
experience  lightning  strikes to the  aircraft. 

Another  useful  addition to the  flight  programs  would  be to equip  them  for  electrostatic  charging 
measurements  similar to those  made  by Nanevicz and  co-workers  in  their  research  flights.  Aircraft 
charging  rates  need to be  measured  in  the  freezing  zone,  regardless  of  whether  discharges  are  produced 
or  not,  for  P-static design information.  The  other  instrumentation  already  on  the  aircraft  needs to be 
adequate  to  measure  external field gradients  and  parameters  of  discharges if they  should  occur. 

It was noted in the  UAL  report  that  the new static  dischargers  being  used  on  modern  aircraft  may 
be  effective  in  reducing  the  static  charge  buildup  and  possibly  the  frequency of violent  discharges. 
If so, the  fact  that  the  new  dischargers  maintain  the  aircraft  at  a  lower  potential  could  affect  the 
postulated  intensified  charging  processes  since  the  presence of an  electric field  was  a  possible in- 
fluencing  factor.  At  any  rate,  the  effect  of  static  dischargers  could  also  be  investigated  in  the  flight 
programs.  It  would  be  desirable to  conduct flights  with  the  vehicle  potentiai  maximized  by  incor- 
porating  corona  suppression  measures  (no  static  dischargers  and  coating  sharp  points  at  extremities 
with  insulators)  and  with  corona  maximized  with  multiple  dischargers  installed  for  minimum 
vehicle  potential. 

CONCLUDING  DISCUSSION 

The  statistics of environmental  conditions  existing  at  the  time  of  lightning  strikes to aircraft  in- 
dicate  that  the  majority  of  incidents  occur in  clouds  containing  precipitation  at  the  freezing level. A 
survey  of  UAL  and USSR incidents reveal further  that  most of the  reported  incidents  are  not  in  the 
vicinity of thunderstorms.  Most  often  there is no  visible  lightning  in  the  area  before  the  incident. 

Both  military  and  commercial  pilots  report  that  some  electrical  discharges  do  occur  without 
warning,  but  usually  only  near  thunderstorms.  Most  discharges  are  preceded  by  a  buildup  of  electri- 
cal corona  and  radio  interference.  The  pilots  generally  describe  the  latter  variety  as  a  static  discharge, 
rather  than  a  lightning  strike.  Very  similar  electrical  discharge  activity is described  in  strikes to  
military  aircraft  towing  long  conductors. 

Although  scientists  have  long  discounted  the  pilots’  static  discharge  contentions,  the  similarity  of 
the  described  incidents to certain high-voltage laboratory  experiments  prompted  re-evaluation  of  the 
in-flight  reports. An examination  of  the  triboelectric  charging  and  discharging  mechanisms  led to 
the  conclusion  that  charge  loss  mechanisms  must  limit  the  charge  buildup  on  the  aircraft to poten- 
tials  much  lower  than  those  that  would  be  required to produce  the  observed  corona  and  sparking 
activity,  unless  dramatically  higher  charging  rates  could  be  postulated. 
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In the search for  alternative  charging  mechanisms  which  would  be  consistent  with  the  pilots’ 
reports, it was noted  that  extraordinary  charge  exchange  rates  can  be  produced  in  mixtures  of ice 
particles  and  supercooled  water  droplets.  Such  an  environment is sometimes  present  at  the  freezing 
level in  precipitation  clouds  where  the discharges  usually occur.  It was therefore  postulated  that  the 
passage of  a highly-charged aircraft  might  intensify  the  concentration of ionized  particles and  vapors 
in the wake  of the  aircraft to  the  point  that  the  condition  simulated  the Navy aircraft  towing  a  long 
conducting cable. In both cases, intense  electrical  activity at  the  aircraft  preceded  a  violent  (or  at 
least abrupt) discharge. 

In both cases, it was postulated  that weak pockets  of  charge  exist  in  the  clouds of insufficient 
potential t o  trigger lightning  naturally. Relatively  weak gradient  fields (as  low as a few thousand 
volts  per  meter)  are  sufficient t o  generate  potentials  at  the  aircraft  which  could  produce  the  observed 
activity, if the flight  path is aligned with  the  field.  Further  increase  in  the  potential  at  the  aircraft 
would logically produce  a large spark discharge to  the air or   to  a charged  region  of the  cloud  through 
streamer processes. 

It  has  been  shown  by  laboratory  experiments  that  bright  loud  discharges can  be produced  at 
fairly low  energy levels. Even the energy  stored  on  a  large  aircraft  at two million  volts (3400 joules, 
Table 3) is sufficient to  produce  noticeable  surface  effects  such  as  pitting  and  loud discharge. If 
high enough  potentials  are  generated  by  the  trailing  conductor t o  trigger a discharge, low-level damage 
is certainly  possible  and even severe  damage  may  be produced  by  unexplained processes. 

In summary,  the following  observation is offered.  Lightning is a  spectacular  phenomenon  and is 
logically associated  in our minds  with  thunderstorms  where  it is usually  observed.  Consequently, 
when  lightning  strike  incidents  are  reported by  pilots,  regardless of the  weather  conditions  they 
report  at  the  time  of  the  strike,  scientists  and  researchers  still  tend  to  associate  the  report  with 
thunderstorm  activity.  However,  it is just as true,  though  not as obvious, that strange  and  unusual 
electrical  activity  can  also  be  produced  in  nonstormy  clouds.  Frictional  charging  mechanisms  are 
constantly being manifested  around us in our daily lives. It  should  not be surprising  then,  that 
unusually  intense  electrical  activity  can  be  generated  under  certain  unusual  atmospheric  conditions. 

Apparently,  some  number  of  the  reported  strikes  are  undeniably  natural  lightning.  These un- 
predictable  incidents  appear to  be unavoidable,  although some  other triggering  mechanism  may 
eventually by discovered to  explain  their  frequency of occurrence.  These  strikes  appear to be  more 
lethal  than  the  slow  buildup variety. It is interesting  that  flight  statistics6  show  that  about 20 per- 
cent  of  lightning  incidents  result  in  some  damage  and the  UAL  pilots2  estimate  that 20 percent  of 
the strikes  are the  abrupt  thunderstorm  type. 

ate  attention should  be focussed on  the possibility of triggering  lightning in freezing precipitation. 
It is strongly  recommended  that  future flight  programs  be  structured to investigate the  electrically 
fertile freezing zone  of  nonstormy rain  clouds. If it is shown  that discharges  can  be produced  by 
flight  in the freezing layer,  then  the  statistics  of  aircraft/lightning  mishaps  may need to be revised 
and  the discharge threat  redefined to  account  for  the triggered  discharge  parameters.  Perhaps, more 
importantly,  new flight restirctions  can  be  defined  or  wake  neutralization  schemes  might  be developed 
to prevent  this type of  discharge  and  greatly  reduce  the  lightning  strike  incidents t o  aircraft. 

Assuming for  the  time being that  nothing can be done  about  the  natural  lightning events,  immedi- 
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F-5F SHARK NOSE RADOME LIGHTNING TEST* 

GeoPge W. S c o t t  
Nor throp   Corpora t ion ,  

A i rc ra f t   Group ,  
Hawthorne, CA 

SUMMARY 

A unique F-5F radome  with a geometry similar t o  a Sha rk   Nose   p ro f i l e  w a s  
t e s t e d   w i t h  a h i g h   v o l t a g e  Marx g e n e r a t o r ,  1 . 2 ~ 1 0 6  v o l t s .  The purpose w a s  t o  
d e m o n s t r a t e   t h e   e f f e c t i v e n e s s   o f   t h e   l i g h t n i n g   p r o t e c t i o n   s y s t e m  with c u r r e n t s  
from 5x103 a m p e r e s   o r   g r e a t e r .  An e d g e   d i s c o n t i n u i t y   c o n f i g u r a t i o n  i s  a char-  
acteristic f e a t u r e  i n  the fo rward   r eg ion   o f  the radome  and  occasional ly  serves 
as a n   a t t a c h m e n t   p o i n t .   T h e   r e s u l t s   o f   n i n e t e e n   a t t a c h m e n t  tests a t  v a r i o u s  
a s p e c t   a n g l e s   w i t h   a n  air  gap  of  one meter i n d i c a t e d   t h a t   n o  damage o c c u r r e d  
t o   t h e   d i e l e c t r i c  material of  the  radome.  The tes t  p r o v e d   t h e   e f f e c t i v e n e s s  
o f   t h e   l i g h t n i n g   p r o t e c t i o n   s y s t e m .  

INTRODUCTION 

L i g h t n i n g   s t r i k e s   t o   i n - f l i g h t   a i r c r a f t   c o n t i n u e s   t o   p r e s e n t  a s e r i o u s  
t h r e a t   t o   t h e   s a f e t y   o f   a i r c r a f t   f l y i n g   n e a r   o r   i n  cumulonimbus  clouds.  The 
p r o b a b i l i t y  i s  h i g h   f o r  a l i g h t n i n g   s t r i k e   t o   a t t a c h   t o   t h e   n o s e   p i t o t  boom 
of  a f i g h t e r   a i r c r a f t   i n   t h i s   t y p e   o f   w e a t h e r   c o n d i t i o n .   A n o t h e r   s u r f a c e  
area t h a t   c a n   c o n s t i t u t e  a p o i n t   o f   d i r e c t   s t r o k e   a t t a c h m e n t   o n   t h e   r a d o m e  
i s  t h e   e d g e   d i s c o n t i n u i t y   n e a r   t h e   n o s e   s e c t i o n  o f  the  Shark  Nose  radome. 
The c o n f i g u r a t i o n   o f   t h i s  radome i s  i n   c o n t r a s t   t o   t h e   c o n v e n t i o n a l   o g i v e  
d e s i g n   o f   t h e  F-5E a i r c r a f t ,   a n d   p r e s e n t e d  a c h a l l e n g e   t o   t h e   e n g i n e e r s   f o r  
t h e   i n s t a l l a t i o n   a n d   t e s t i n g   o f  a l i g h t n i n g   p r o t e c t i o n   s y s t e m .  

To r e d u c e   t h e   h a z a r d s   o f   t h e   e n v i r o n m e n t a l   e f f e c t s   o f   l i g h t n i n g ,   f o u r  
s e g m e n t e d   l i g h t n i n g   d i v e r t e r   s t r i p s  were a t tached   on   the   radome  sur face .   The  
d i v e r t e r s   g u i d e  a l i g h t n i n g   c u r r e n t ,   r a t h e r   t h a n   c o n d u c t  i t .  A p p l i c a t i o n s   o f  
t h i s   t e c h n i q u e   i n c l u d e   t h e  F-5EY B-52GY and F-16.  The p i t o t   h e a t e r  wires on 
t h e  F-5F radome are p r o t e c t e d   b y  a copper   grounding  tube,  similar i n   c o n c e p t  
t o   t h e  F-16 radome  assembly. 

The Sha rk   Nose   l i gh tn ing   p ro t ec t ion   sys t em was des igned   t o   p reven t :  

a. T h e   v a p o r i z a t i o n   o f   h e a t e r  wires d u r i n g   t h e   t r a n s f e r   o f   l i g h t n i n g  
c u r r e n t   f r o m   t h e   p i t o t  boom t o   t h e   a i r c r a f t   s t r u c t u r e .  

b.  The p e n e t r a t i o n  of l i g h t n i n g   c u r r e n t   t h r o u g h   t h e  radome w a l l  t o  
h e a t e r  w i r e s  o r   o t h e r   m e t a l l i c   c o m p o n e n t s .  

c. The coupl ing  of h i g h   e l e c t r i c a l   i m p u l s e s   i n t o   t h e   h e a t e r   w i r i n g  
c i r c u i t   w h i c h  may c a u s e   v a r i o u s   t y p e s  of e l e c t r i c a l / a v i o n i c s  
sys tem's   mal func t ions .  

*Performed  under A i r  Force   Cont rac t  
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The s imula ted   h igh   vo l tage   l igh tn ing   a t tachment  tests were conducted  to  
de te rmine   the   e f fec t iveness   o f   the   l igh tn ing   pro tec t ion   sys tem  and   to   eva l -  
u a t e  any s t r u c t u r a l   d e f o r m a t i o n   i n   t h e  radome assembly. 

Radome l i g h t n i n g   t e s t i n g  i s  normally  performed i n  two s t ages .  The f i r s t  
s t a g e  i s  to   per form a l igh tn ing   a t tachment   , s tudy  a t  low c u r r e n t   v a l u e s   t o  
de te rmine   the   pa ths  of  l i g h t n i n g   d i s c h a r g e   t o   t h e  radome fo r   va r ious   ang le s  
o f   app roach   o f   t he   l i gh tn ing   s t r ike ,  The second  s tage  is to   perform  high  cur-  
r e n t   t e s t i n g  (200KA) on any   pa th   tha t   l igh tn ing   cur ren t   fo l lowed  dur ing   the  
attachment test .  For  the  Shark Nose  radome, the  copper   tube  and  diver ter  
s t r i p s  were the   i n t ended   pa ths   fo r   t he   l i gh tn ing   cu r ren t   t o   fo l low.   In   p re -  
v ious  radome system tests, these  items w e r e  p rev ious ly  shown to   be   capab le   o f  
handl ing   the  200KA test c u r r e n t   l e v e l .  The pu rpose   o f   t h i s   l abo ra to ry  tes t  
w a s  t o   d e m o n s t r a t e   t h a t   t h e   d i v e r t e r   s t r i p   p l a c e m e n t  and  copper  tube  mounting 
design are a d e q u a t e   t o   d i v e r t   l i g h t n i n g   c u r r e n t s   t o  one  of t hese  items. An 
addi t iona l   requi rement  was t o  measure  the  level   of   l ightning  induced  vol tages  
i n   t h e   p i t o t   h e a t e r   c i r c u t .   T h i s   v o l t a g e  was not   to   exceed  500 v o l t s .  

To conduct  the tes t ,  s imula t ed   l i gh tn ing   s t r ikes   f rom a 1 . 2 ~ 1 0 ~   v o l t  Marx 
genera tor  were d i r e c t e d  a t  t h e  radome from various  angles   in   azimuth  and 
e l e v a t i o n  a t  an  airgap  of  one meter. 

RADOME  CONFIGURATION 

Figure 1 i l l u s t r a t e s   t h e   f r o n t  and s i d e  views  of  the  Shark Nose  radome. 
The geometr ical   design i s  unusual when compared t o   t h e   l o n g ,   s l e n d e r   f u s e l a g e  
forebody  general ly   required by the  aerodynamicis ts   for   an  advanced  f ighter  
a i r c r a f t .  A s  can  be  observed  from  the  drawing,  the F-5F radome has  the  char- 
a c t e r i s t i c s  of a broad  nose,  similar t o   t h e   p r o f i l e   o f  a shark ' s   nose .  The 
e l l i p t i c a l   d e s i g n  was an asset for   the   a l ignment  of the  copper  tube,   contain- 
i n g   t h e   h e a t e r  wires. The tube  w a s  o r i en ted   a long   t he   edge   i n   t he  H p lane  
of t h e   c r o s s   s e c t i o n   e l l i p t i c i t y .   S t u d s  are a t t a c h e d   t o   t h e   t u b e  and  extend 
through  the radome w a l l .  This   fea ture   p resented   min imal   in te r fe rence   wi th  
the   radar   t ransmiss   ion .  

The prec ise   loca t ion   of   the   segmented   s t r ips   and   the   copper   tube   in  rela- 
t i on   t o   t he   p i to t   nose   he lped   t o   i n su re  a successfu l   l igh tn ing   a t tachment  
tes t .  
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FIGURE 1. 
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2 c - h  
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The segmented s t r i p s   f u n c t i o n  on t h e   p r i n c i p l e   t h a t   a n   i o n i z a t i o n   c h a n n e l  
is es t ab l i shed   ove r   t he   r e s i s t i ve ly   connec ted  metal segments  during  the  pre- 
s t r ike   phase   (h igh   vo l t age )  of t h e   l i g h t n i n g   s t r i k e .  The s i z e   o f   t h e  metal 
segment is  less than  one-eighth a t  the   h ighes t   ope ra t ing   f r equency  of t h e  
antenna  housed  within  the radome.  The metal segments are fab r i ca t ed   on  a d i -  
electric subs t ra te   which  is bonded t o   t h e  radome w a l l .  The r ad ia l   spac ing   o f  
t h e   s t r i p s  is  a func t ion  of t h e  metallic components i n s i d e   t h e  radome  and t h e i r  
c learances   f rom  the  radome w a l l .  Because   o f   t he   h igh   d i e l ec t r i c   s t r eng th  of 
t h e  radome w a l l ,  the   segmented   s t r ips  were spaced 45" r a d i a l l y   a r o u n d   t h e   e l l i p -  
t i c a l  surface  and  extend  about  one-half   the  length  of  the radome.  The s t r i p s  
were adequate   to   conduct  a t  least one 200KA, Act ion   In tegra l   o f  2x106A2-sec 
l i gh tn ing   cu r ren t   w i thou t   excess ive  damage o r   e ros ion .  

The p i to t   p robe   grounding   tube  w a s  one-quarter-inch  copper  tube  with 
0.035-inch walls. The copper  tube w a s  s a t i s f a c t o r y  from  the  s tandpoint   of  
induced  voltage,   temperature rise, and  elongation. The copper   tube   insures  
t h a t   t h e   v o l t a g e   i n d u c e d   i n   t h e   h e a t e r   c i r c u i t s  i s  j u s t   t h e  IR drop  caused  by 
the   l igh tn ing   cur ren t   f lowing   a long   the   g rounding   tube .  The ampl i tude   o f   th i s  
vo l tage  is  dependent  mainly on the   ampl i tude   o f   t he   l i gh tn ing   cu r ren t   and ,   t o  
a lesser ex ten t ,   the   f requency  of t h e   l i g h t n i n g   c u r r e n t .  

F igures  2 and 3 ,  r e f l e c t   t h e   c o n f i g u r a t i o n s  of F-5E and F-5F l i g h t n i n g  
protect ion  systems.   In   the  former  design,  p l a s t i c  d a t a   l i n e s  were used   in  
p i t o t  boom ins t a l l a t ions   because  metal tubes  degraded  antenna  performance. A t  
least  one  of t h e  segmented str ips was extended  forward  to  make connect ion  with 
t h e   p i t o t  boom to   p rov ide   an   ex te rna l   l i gh tn ing   cu r ren t   pa th  from t h e   p i t o t  
boom. In   add i t ion ,   an   i so l a t ion   des ign  w a s  i n c o r p o r a t e d   i n   t h e   p i t o t  boom 
hea te r   w i r ing   t o   p reven t   t he  main l i g h t n i n g   c u r r e n t  from t r a v e l i n g   i n   t h e s e  
wires. 

The copper   tube   in   the  latest  design radome provided  the I R  drop as opposed 
to   t he   i nduc tance ,  -L d i / d t ,  which  would  have  sent a l a r g e   p u l s e   i n t o   t h e  elec- 
t r ica l  system. 

FIGURE 2.  UNGROUNDED P I T O T  BOOM 
ISOLATION  DESIGN ON F-5E 

I hlETER SPARK C 

"""" "- - - - - - - - - - -  
I \  . 

7- -7- D I V E R T E A S T R I P S  FS-90 

FIGURE 3 .  GROUNDED P I T O T  TUBE  HEATER 
WIRES AND SEGMENTED S T R I P S  ON 

SHARK NOSE RADOME (F-5F) 

TEST FACILITIES 

Northrop's  Lightning  Laboratory is 4 0 x 4 0 ~ 4 0   f t .  and i s  a d e q u a t e   f o r   t e s t i n g  
s e l e c t e d   f u l l - s c a l e   a v i o n i c s  components.  The s p e c i a l   s c r e e n  room prevents  spu- 
r i o u s   s i g n a l s  from in t e r f e r ing   w i th   r eco rd ing   i n s t rumen t s .  
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Northrop  used a Marx generator   (designed by Pu l sa r  ASSOC., I nc . )   t o   p ro -  
duce a 1.2-megavolt  output. It can   de l ive r  up t o  a s ix-foot-arc   through a i r ,  
wi th  a (damped) peak  follow-through  current  of  about  8,000  amperes. The char- 
acteristics of t h i s   i m p u l s e   g e n e r a t o r   f i t   t h e   " E n g i n e e r i n g  Test Voltage Wave- 
form C" d e s c r i p t i o n   o f   t h e  S A E  Committee AE4L Report   (Lightning Test Waveforms 
and  Techniques  for  Aerospace  Vehicles and  Hardware),  June  20,  1978,  paragraph 
3.3.2.1. The de lay  t i m e  o f   f lashover  i s  adjusted  to   between  one and t h r e e  
microseconds  (two  microseconds,  ?50  percent) as a func t ion   o f   t he   a i rgap   l eng th  
and ope ra t ing   vo l t age  of t he   gene ra to r .  

This   vo l tage   impulse   genera tor   has  35 s tages   wi th   each   s tage   o f  capaci- 
tance   charged   to  40KV (220KV) and  switched i n  series by  35 t r iggered   spark   gaps .  
The gene ra to r   i nc ludes   bu i l t - i n  series damping r e s i s t o r s   o f  2 ohms p e r  s tage .  
The generator   inductance i s  s t rongly  dependent  on t h e  test load  placement. 
Typica l ly ,  a series loop  inductance of 10 t o  15  microhenries  can  be  obtained. 
For  such  inductance,   the Marx c i r c u i t  i s  q u i t e   n e a r   t o  c r i t i c a l  damping.  There- 
fo re ,   t he   l oad   cu r ren t  w i l l  n o t   o s c i l l a t e .  A s i n g l e   c u r r e n t   p u l s e  of 2000 t o  
9000 amperes peak   cur ren t   can   be   de l ivered   to   the   load .  The d i /d t   o f   t he   cu r -  
rent   wavefront  w i l l  average 33 kiloamperes  per  microsecond,  depending on the  
inductance  of   the  discharge  loop.  The o u t p u t   p o l a r i t y  i s  r e v e r s i b l e  by revers- 
ing   t he  power supply  charging  connect ions.  I ts  p res su r i zed   spa rk  gap switches 
p r o v i d e   l o w - j i t t e r   e l e c t r o n i c   t r i g g e r i n g  and  provide a wider  range of opera t ing  
vol tages   than  can  be  obtained  f rom  older   s tyle   a tmospheric   exposed-gap  switch 
designs.  

F igure  4 shows a s i m p l e  Marx g e n e r a t o r   c i r c u i t .   T h i s   c i r c u i t   h a s   t h r e e  
capac i to r s .  The output   pu lse   has  a peak  vol tage  three times the   i nd iv idua l  
charge   vo l tage  on  each  capacitor.  The charge   vo l tage  i s  suppl ied  through a 
s ingle-ended   charge   c i rcu i t   (one   po lar i ty  i s  grounded). The charg ing   cur ren t  
i s  supp l i ed   t h rough   cha rg ing   r e s i s to r s   t o   each   o f   t he   capac i to r s .  The charging 
r e s i s t o r ' s   r o l e  i s  t o   i s o l a t e   t h e  several c a p a c i t o r s  and  switches  from  each 
o ther   dur ing   d i scharge .  When t h e  Marx genera tor   has   reached   fu l l   charge ,  erec- 
t i o n  is i n i t i a t e d  by c l o s u r e  of one  of the   swi tches .  

I I 

VOLTAGE 
CHARGE 

1 kv 

L O A D  

I 

FIGURE 4 .  MARX C I R C U I T  - SINGLE-ENDED CHARGE 
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An impor t an t   r e f inemen t   and   t he   bas i s   fo r   t h i s   gene ra to r  is the  "balanced" 
charging  technique. Each s t age   capac i to r  i s  broken  out   into two components. 
Each s t age   capac i to r   r ep resen t s  two d i s c r e t e   c a p a c i t o r s   ( o r   b a n k s   o f   p a r a l l e l  
capac i tors )   connec ted   in  series. Th i s   f ea tu re  p e r m i t s  t h e   j u n c t i o n  of t h e  two 
capac i to r s   t o   be   cons ide red  a n e u t r a l   p o i n t ,  and a l lows   each   s tage   capac i tor  
t o   be   cha rged   w i th  a b a l a n c e d   c i r c u i t ,   t h a t  is ,  wi th  a p l u s  and a minus  charge 
vol tage  on e i t h e r   s i d e   o f   t h e   n e u t r a l .  The a d v a n t a g e   o f   t h i s   c i r c u i t  is t h a t  
dur ing   the   charge   cyc le  of t he   gene ra to r ,   t he   abso lu t e  D.C. vol tage   p resent  
wi th   respec t   to   the   ou ts ide   envi ronment  is  c u t   i n   h a l f .   I n   N o r t h r o p ' s   h i g h  
vol tage   genera tor ,   each   s tage  i s  charged   to  a maximum 40,000 volts.   Because 
of t he   ba l anced   cha rg ing   c i r cu i t ,   e ach   s t age  i s  charged  to  +20,000 and -20,000 
v o l t s ,   w i t h  respect to   t he   g round .  Corona is  reduced  and  the l i f e  of the   insu-  
l a t o r s  i s  increased.  Another  advantage is the   capab i l i t y   t o   mon i to r   t he   cu r ren t :  
f l o w i n g   i n   t h e   n e u t r a l   c h a i n .   I f   t h e   g e n e r a t o r  is  o p e r a t i n g   c o r r e c t l y ,   t h i s  
cur ren t   should   be   zero ,   o r   near ly   zero ,   dur ing  a normal  charge  cycle. A meter 
on t h e   c o n s o l e   m o n i t o r s   t h i s   c u r r e n t .   I f   t h e   c u r r e n t   t h r o u g h   t h i s   n e u t r a l  
cha in  i s  not   zero ,  i t  may be   an   i nd ica t ion   t ha t  a mechanical   problem  exis ts   in  
the  generator   system. 

F igure  5 i l l u s t r a t e s   t h e  Marx g e n e r a t o r   i n  a prel iminary test wi th   an  F-5 
Basic Conical Radome. 

Figure 6 shows the   s ide   v iew of the   fu l l - sca le   Shark  Nose  radome during 
t h e  test phase. 

FIGURE 5 .  PRELIMINARY TEST U S I N G  FIGURE 6 .  SHARK NOSE RADOME 
F-5E BASIC CONICAL RADOME ILLUSTRATING COPPER EDGE VIEW. 

STUDS ON RADOME: SURFACE HOLD 
COPPER TUBE I N  PLACE 
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TESTING  TECHNIQUES 

The  radome test art icle is shown i n   F i g u r e  7. The  radome console  w a s  
r o t a t e d  a t  60°, 120", and 300" az imuth   angles   for   cor responding   e leva t ion   angles  
of t h e   e l e c t r o d e  of 0", 15", 30", 45", 6 0 " ,  and 75" ( r a d i a l   v e c t o r s  were mea- 
sured  from  the  center  of F.S. 90).  The e l e c t r o d e  w a s  pos i t i oned  l meter from 
t h e   s u r f a c e  of t h e  radome.  The test p l a n   r e q u i r e d   s i x t e e n   s h o t s ,   o n e   f o r   t h e  
ver t ical  and f i v e   f o r   e a c h  of the  remaining  azimuth  angles .  

F igure  8 shows the  block  diagram  of   the  a t tachment  test. I n  a l l  phases  of 
t h e  test ,  t h e   e l e c t r o d e  w a s  a t  p o s i t i v e   p o l a r i t y .   T h i s   p o l a r i t y   p r o d u c e s   t h e  
most  profuse  streamering  from  ground  objects i n   o r   o n   t h e  radome. 

TO SCALE 

FIGURE 7 .  RADOME TEST ARTICLE 
(TOP  VIEW) 

U I  

I 2  X IO6 VOLT GENERATOR 

DIVERTERSTRIPS 

L """"" 1 
SHIEIDEO ENCLOSURE  NOT TO  SCALE 

FIGURE 8. BLOCK  DIAGRAM 
OF  IONIZATION  TEST 

DISCUSSION OF RESULTS 

The cu r ren t  from t h e  Marx genera tor  was recorded on an   osc i l loscope .  The 
exponent ia l ly   decaying   s inusoida l  waveform in Figure  9 i s  t y p i c a l  of a h igh  
vol tage  test. The induced  vol tage w a s  measured  by a Tektronix 485 osc i l l o scope  
through a 2 0 p h   l o a d  wh ich   s imula t e s   t he   a i r c ra f t  power system. A t y p i c a l  
s cope   r e su l t  i s  shown i n   F i g u r e  10. No time scale i s  shown on  these  drawings,  
but   the   current   and  induced  vol tage are in   approximate  t i m e  phase. 

TYPICAL  TEST  DISCHARGE  WAVEFORMS LIGHTNING SHIELDED 
ICURRENTI  GENERATOR ROOM 

> - 
0 
Y 
r. 

0.5 uSECIDIV 
PEAK  CURRENT 6000 AMPS 
CHARGING  VOLTAGE +35 UV 

dsidl 
RISE  TIME 

ZOX AMPSIpSEC 
0.3 pSEC 

INDUCED  VOLTAGE  SHIELDED 
I20 uHl ROOM 

> - ; 
J 
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0 

0 5 uSECIDIV 

PEAK  VOLTAGE . 5 2  v 
RISE TIME 0.36 uSEC 

FIGURE 9.  FIGURE 10. 
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For  the 0", 15", and 30" e l eva t ion   ang le s ,   t he   e l ec t rode  w a s  suspended a t  
t h e  12 o'clock  and  approximately a t  t h e  1 and 2 o ' c l o c k   p o s i t i o n s ,   r e s p e c t i v e l y .  
The l ightning  a t tachment   probe w a s  p o i n t e d   t o   t h e   p i t o t   t u b e   i n  a l l  cases. 
The az imuth   o r i en ta t ion  had  no e f f e c t  on   t he   i on iza t ion   pa th ,   F igu re  11. The 
energy w a s  conducted  through  the  copper  tube.  

NOT  TO SCALE 

FIGURE 11. 0 " ,  15",  30" (ELEVATION  ANGLES) AND 
6 0 " ,  120", 300" (AZIMUTH  ANGLES)  ATTACHMENT  STROKES 

The 45" e leva t ion  and 60" azimuth test r e s u l t e d   i n   t h e   l i g h t n i n g   s t r i k i n g  
the  radome nea r   t he  segmented s t r i p  and  then  forming  an  ionizat ion  channel  down 
t h e  segmented s t r i p ,  F igure  12. 

FIGURE 12. 45" ELEVATION, 60" AZIMUTH  ATTACHMENT SHOT 
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When t h e   e l e c t r o d e   d i s c h a r g e d   i n   t h e  45" e l e v a t i o n  and 120" azimuth  (edge 
s i d e ) ,   t h e   l i g h t n i n g   a t t a c h e d   t o   t h e   e d g e   a n d   f l a s h e d   o v e r   t o   t h e   d i v e r t e r  
s t r i p   ( F i g u r e  13) .  A streamer a t t empted   t o  move toward  the  pi tot   probe.   This  
phenomenon i n d i c a t e s  a r e t u r n   s t r i k e  from t h e  radome. A t  t h e   p o i n t  of impact, 
a small c a v i t y   ( p e n c i l   p o i n t   s i z e )  was observed. A c lose   i n spec t ion   r evea led  
no  puncture   through  the radome.  The core  temperature  of a i r  sparks  can  reach 
10,000 degrees c. This   extreme  temperature   appl ied to a small su r face  area for 
a f r a c t i o n  Of a microsecond  could  be  the  cause  for  the small blemish. ~t d i d  
not   occur   on  other   phases  of t h e  tes t .  

NOT TO SCALE 

FIGURE 13. 45" ELEVATION, 120" AZIMUTH  ATTACHMENT  STROKE 
(EDGE  OPPOSITE  COPPER  TUBE) 

Figure  14 i l l u s t r a t e s   t h e  test  conf igu ra t ion  when the   e l ec t rode  was a t  
45" e leva t ion   and   po in ted  a t  the  copper  tube  edge of t h e  radome (300" azimuth). 
The i o n i z a t i o n  w a s  channeled down t h e  metal tube.  No anomalies were observed 
when the   l igh tn ing   s t roke   a t tached   to   the   copper   tube   edge .  

When the   a t tachment   po in ts  were a t  60" and t h e  radome was o r i en ted  a t  60", 
120", and 300" azimuth,  the  copper  tube  edge  conducted  the  energy  as  in  the 
previous  experiments.  

NOT TO SCALE 

FIGURE 14. 45" ELEVATION, 300" AZIMUTH  ATTACHMENT  STROKE 
(COPPER  EDGE) 
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The 75" e l e v a t i o n  of the  electrode  with  the  60",   120",   and 300" azimuth 
p o s i t i o n i n g   f o r   t h e  radome r e s u l t e d   i n  a l l  t h e   l i g h t n i n g   s t r o k e s   a t t a c h i n g   t o  
t h e  F-5 fuse lage   sec t ion .   F igure   15  shows the  a t tachment  area. 

3 SHOTS 

FIGURE 15.  75" ELEVATIONy 60",  120", 300" 
AZIMUTH ATTACHMENT STROKES 

A t o t a l  of 19 h igh   vo l t age  tes ts  were made and t h e   d a t a   f o r  16  attachment 
p o i n t s  were used   t o   de t e rmine   t he   e f f ec t iveness  of t h e  segmented s t r i p  place-  
ment and  copper  tube  mounting  design  for  diverting  the  current  from  the radome. 

CONCLUSIONS 

I n   t h e  test  series, the   l i gh tn ing   p ro t ec t ion   sys t em of t h e  F-5 Shark Nose 
radome d i v e r t e d   l i g h t n i n g   s t r i k e s   f r o m   s e v e r a l  aspect angles .  The four  seg- 
mented s t r i p s  i n t e rcep ted  a s t r i k e   b e f o r e  streamers emanating  from  internal 
conductors had t i m e  t o   punc tu re   t he  radome wall. The copper   tube   used   in   the  
l i gh tn ing   p ro t ec t ion   des ign   fo r   t he   p i to t   t ube   sys t em  conduc ted   t he   cu r ren t   t o  
the  grounded  fuselage  pedestal  when the   spa rk  gap w a s  or iented  towards  the  edge 
of t h e  aluminum s tuds .  

The  edge  opposi te   the  copper   tube  a t t racted  the  l ightning  s t rokes when 
the   e l ec t rode  w a s  p o i n t e d   i n   t h i s  area. The flashover  occurred  from  the  edge 
t o   t h e   d i v e r t e r   s t r i p s  and t h e   c u r r e n t  w a s  channeled   to   the  metal base.  

A thorough  v i sua l   inspec t ion   a f te r   each   a t tachment  tes t  revealed no 
d e l a m i n a t i o n   t o   t h e   d i e l e c t r i c  material o r  damage t o   t h e   l i g h t n i n g   p r o t e c t i o n  
system. 
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ANALYSIS AND MEASUREMENTS OF LOW FREQUENCY LIGHTNING COMPONENT 

PENETRATION THROUGH AEROSPACE VEHICLE METAL AND GRAPHITE  SKINS 

John 1). Robb 
Lightning & Trans ien ts   Research   Ins t i tu te  

Ta  Chen 
Texas Instruments 

INTRODUCTION AND SUMMARY 

An ana lys i s  of the   sh ie ld ing   proper t ies   o f  mixed metal and g raph i t e  compos- 
i t e  s t r u c t u r e s   h a s   i l l u s t r a t e d  some important aspects of   e lec t romagnet ic   f ie ld  
p e n e t r a t i o n   i n t o   t h e   i n t e r i o r .  These  include:   (a)   that   graphi te   access   doors  
on m e t a l l i c   s t r u c t u r e s  w i l l  a t tenuate   l igh tn ing   magnet ic   f ie lds   very  l i t t l e ;  
conversely,  metal  doors on a g raph i t e   s t ruc tu re  w i l l  a l s o   a t t e n u a t e   f i e l d s  from 
l igh tn ing   s t r ike   cu r ren t s   ve ry  l i t t l e ,  i.e., homogeneity  of t he   sh i e ld  is a 
cr i t ical  f a c t o r   i n   s h i e l d i n g  and (b)  that  continuous  conductors  between two 
po in t s   i n s ide  a graphi te   skin  such as an a i r  da ta   p robe   meta l l ic   tub ing  connec- 
t i on   t o   an  a i r  d a t a  computer   can  a l low  large  current   penetrat ions  into a vehi- 
c l e   i n t e r i o r .  The t r u e  weight   savings  resul t ing from the  use  of  composite mate- 
rials can  only be evaluated  af ter   the   resyl t ing  e lectromagnet ic   problems  such 
as current  penetrations  have  been  solved, and t h i s   g e n e r a l l y  requires weight 
a d d i t i o n   i n   t h e  form  of cable   shields ,   conductor   bonding  or   external   metal l iza-  
t ion. 

APERTURE COWLIXG 

The basic   concept   of   e lectromagnet ic   shielding is that   Stokes  type  counter  
cu r ren t s  are se tup  in an  exact   but   general ly  unknown p a t t e r n  which  produce  in- 
t e r io r   e l ec t romagne t i c   f i e lds   t ha t  w i l l  cance l   any   f ie lds  from  an ex te rna l  
source.  This mechanism requi res   tha t   for   sh ie ld ing   to   occur ,   the   counter   cur -  
r e n t s ,  which would be set up as i f   t h e r e  were no aperture ,   need  to   be  es tabl ish-  
ed e s sen t i a l ly   w i thou t   d i s to r t ion   o f   t he   cu r ren t   pa t t e r a  i n  the  conducting  cover 
over  an  aperture. To sh i e ld   p rope r ly ,  an a p e r t u r e   i n  a metal a i r c r a f t  must 
t he re fo re  be  covered  with a metal sk in   wi th  good pe r iphe ra l  bonding  which  allows 
the  unimpeded establishment  of  the  counter  currents.  Because a graphi te   door  
has a res i s t iv i ty   severa l   thousand times as high as surrounding metal, t he  
l ightning  current   f lows  around a graphite  door,  not  through it and the re fo re  
couples   l a rge   magnet ic   f ie lds   in to   the   in te r ior .   Be the   theory   permi ts   an  esti- 
mate o f   t h e   i n t e r i o r   f i e l d s   f o r   l a r g e   c a v i t i e s   ( r e f .   l ) ,  i.e., c a v i t i e s   l a r g e  
compared t o  one access door  dimension. It is based  on  the  analogy  to a magnetic 
dipole   equivalent   to   the  current   concentrat ions  around  the  edge of the   aper ture .  

" . ." 
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Conversely a g r a p h i t e   a i r c r a f t   s k i n  would r e q u i r e  a graphi te   access   door  
to   a l low  the   es tab l i shment   o f   the   p roper   counter   cur ren t   pa t te rns  across the  
ape r tu re  and across  the  aperture  boundries  which are requi red   for   p roper   sh ie ld-  
ing. A metal door i n  a g raph i t e   sk in  would d i s t o r t   t h e  normal  current  flow 
(which would ex is t   wi thout   an   aper ture)  and thus   a l so   l eak  magnetic f i e l d   i n t o  
t h e   i n t e r i o r .  The pa t t e rn   o f   cu r ren t   f l ow  in  a metal skin  through a door  with 
a r e s i s t i v i t y   1 0  times h ighe r   fo r   t he  DC o r   q u a s i   s t a t i c  case is shown i n  Fig- 
u r e  1. 

Because  the  lightning  energy l ies  primarily  below  one  megahertz  correspond- 
i n g   t o  a 300 meter wavelength, a t y p i c a l   a i r c r a f t   a p e r t u r e  would have  dimensions 
which would be a small f r a c t i o n  of a wavelength  and t h e  problem may be thought 
of as pr imar i ly   quas i  static.  As may be  seen i n   F i g u r e  1, the  current  f lows 
e s s e n t i a l l y  around the  door. 

The hor izonta l   f low  pa t te rn  shows t h e   e l e c t r i c   f i e l d   l i n e s  and represents  
the   cur ren t   f low  pa t te rn   for   the  metal sk in   wi th  a high  resistance  door  such as 
one of   graphi te .  It  should  be  noted, however, t h a t   t h i s   s o l u t i o n   t o   t h e   L a p l a c e  
equat ion  a lso a p p l i e s  t o   t h e   i n v e r s e   s i t u a t i o n ;  a h igh   res i s tance   sk in   such  as 
graphi te   wi th  a metal door ,   except   tha t   in   th i s   case   the   f low would be v e r t i c a l  
and t h e   l i n e s  shown would  be equ ipo ten t i a l s   r a the r   t han   e l ec t r i c   f i e ld   l i nes .  

Measurements on a loop  sensor   inside a graphi te   access   door  i l l u s t r a t e  the  
r e l a t i v e l y  low at tentuat ion  provided  as  shown in   F igu re  2. The i n t e r i o r  magne- 
t i c   f i e l d  is only  reduced a few db  when an  open  aperture is covered  with a 
g raph i t e  door. 

The analysis   thus  indicates   the  importance of homogeniety in   ex t e rna l   sk ins .  
Graphite  access  doors  in a metal a i r c r a f t  are ine f fec t ive   sh i e lds   un le s s   t hey  
are covered  with metallic coa t ing  and metal doors   in  a graphi te   sk in   l eak  mag- 
n e t i c   f i e l d s   i n t o   t h e   i n t e r i o r   n e a r l y  as badly as does  an  opening w i t h  no door. 

CONDUCTION THROUGH INTERNAL CONDUCTORS I N  AN AEROSPACE VEHICLE 

Conduction currents   through  the  inter ior   of   an aluminum vehicle  can  be re- 
l a t ive ly   l a rge .   Ca lcu la t ions  confirmed by measurements on ac tua l   av ion ic s  eq- 
uipment located i n  a totally  enclosed  shield  (corresponding  to  the  equipment 
bay  of a commercial t r a n s p o r t   a i r c r a f t ) ,  have shown currents   of   the   order  of a 
thousand amperes. This  represents  only  about  one-half  percent  of a t o t a l   l i g h t -  
ning  current of 200,000 amperes but  is well beyond t h e   c u r r e n t s   t h a t  equipment 
cases  were designed  to  withstand. With g raph i t e ,   t he   pene t r a t ion   cu r ren t s  be- 
come even l a rge r .  

Skin   e f fec t  is not  t oo  s i g n i f i c a n t  as only   the  low frequency  components  of 
t he   na tu ra l   l i gh tn ing  waveform pass i n t o   t h e   i n t e r i o r .  The s l i g h t   r e d u c t i o n   i n  
t h e   e f f e c t i v e  rise time of   the   d r iv ing   po ten t ia l  on the   ins ide   o f   the   sk in  as a 
resul t  of   sk in   e f fec t   can   be   in t roduced   in   the   d r iv ing   func t ion   of   the   equat ion  
t o   c o r r e c t   t h e   r e s u l t   b u t   i n  most cases  i t  is not  large. 
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Analysis 

A s i m p l e  ca lcu la t ion ,   fo l lowing   the   ana lys i s   o f   Hi l lan   ( re f .  2) ,  permits a 
-determination of t h e   i n t e r i o r   c u r r e n t s  as follows. As shown i n   F i g u r e  3, the  

e q u i v a l e n t   c i r c u i t  may be  represented as a two branch   c i rcu i t   wi th  a constant  
current   source,  a reasonable  approximation  for  l ightning. The dr iving  source,  
ignor ing   sk in   e f fec t  is  t h e   l i g h t n i n g   c u r r e n t   i n   t h e   s k i n .  The i n t e r n a l  mag- 
n e t i c   f i e l d  from the   sk in   cu r ren t  can  be  ignored  for  cylindrical   shapes and is 
not   large  for   typical   polygonal   shapes of aircraft  s t ruc tu res .  The cur ren t  
passing  through  the  inter ior  is determined by b o t h   t h e   r a t i o  of i n t e r n a l  conduc- 
t o r   r e s i s t a n c e   t o   s k i n   r e s i s t a n c e ,   t h e  DC case and by t h e   i n t e r n a l  w i r e  induct- 
ance as indicated below. 

L d i / d t  + R I  = Ir 1 

where 

- 
r1 - 

r2  
= 

R =  

L =  

I =  

and  where I is 

I -  

A =  

P =  
A =  

sk in   r e s i s t ance  

i n t e r n a l  wire r e s i s t ance  

sk in  and wire r e s i s t ance  

i n t e r n a l  wire inductance 

l i gh tn ing   cu r ren t  

of  the form 

A (,-at + e- t )  

10   / sec  

10   / s ec  

225,000 

5 

6 

Solving  the  different ia l   equat ion  gives  a s l i g h t l y  complex expression. 

I ( t )  9 rl I ~ / ~ L  (e-wt - (wl/w2)) ( e - B t  - e -Rt’l ( 1  - w1/w2)) ( 1  1 

where 

Io = t he   l i gh tn ing   cu r ren t  

R = t o t a l   r e s i s t a n c e ,   s k i n ( r * )  
j o i n t   r e s i s t a n c e  and ( r )  
i n t e r n a l   c i r c u i t   r e s i s t a n c e  

a = l i gh tn ing  wave ta i l  t i m e  constant  

433 



b = l i g h t n i n g   f r o n t   o f  wave time cons tan t  

L = I n t e r n a l   c i r c u i t   i n d u c t a n c e  

X = -a + R/L 

This   express ion   has   been   so lved   in  terms of Io, t h e   l i g h t n i n g   c u r r e n t ,  R, 
I, and a n o r m a l i z i n g   f u n c t i o n   f l ( t )   p l o t t e d   i n   F i g u r e  4 for e a s y   u s e   i n   d e t e r -  
min ing   in te rna l   cur ren ts .  

where f l ( t )  may be  determined  from  the  graph  of  Figure 4. 

P r a c t i c a l   A p p l i c a t i o n  

Th i s   s imp le   ana lys i s   pe rmi t s   one   t o  estimate the   percentage   o f   cur ren t  
pene t r a t ing  a v e h i c l e   i n t e r i o r  and al though i t  is gene ra l ly  a low percentage  of  
t h e   t o t a l   c u r r e n t ,   t h e   c u r r e n t   t r a v e l i n g   t h r o u g h  a specif ic   piece  of   equipment  
may be  substant ia l .   Several   thousand amperes may be a small percentage  of  a 
200,000 ampere l igh tn ing   s t r ike   bu t   t h i s   cu r ren t   magn i tude   can   have  a substan- 
i a l  e f f e c t  when pass ing   d i r ec t ly   t h rough  a piece of   e lectronic   equipment .  For 
example,  one may consider   the  current   passing  f rom a p i t o t   t u b e   l o c a t e d   n e a r  
t h e   n o s e   o f   a n   a i r c r a f t  via metal connec t ing   tub ing   in to   an  a i r  data  computer. 
Whereas  most  equipment cases are f a i r l y  w e l l  sh i e lded  from e x t e r n a l   f i e l d s ,  
they  are no t   des igned   t o   w i ths t and   cu r ren t s   o f  several thousand  amperes. 

In   app ly ing   t h i s   app roach   t o  a specif ic  example, a l l  t h a t  is needed is t h e  
sk in   res i s tance   which  is typ ica l ly   100  microhms, n o s e   t o  t a i l  or wing t i p   t o  
wing t i p ,   f o r   a n   e a r l y   p i s t o n   e n g i n e   a i r c r a f t  or a modern wide body metal j e t  
t r a n s p o r t ,  and t h e   r e s i s t a n c e  and inductance  of  the  connection  between  the two 
i n t e r i o r   p o i n t s   o n   t h e   s k i n .   T h i s   i n t e r n a l   p a t h ,   o f   c o u r s e ,   d o e s   i n c l u d e   i n  i ts  
path,   the  avionics  equipment.  The inductance  of   the  conductor  may be  deter-  
mined  from the  formula f o r  a conductor  over a ground  plane. 

L =L (60/c)  x ln (4   h /d )  

where 

L = inductance 
c = speed   of   l igh t  
h = height  over  ground  plane 
d = diameter   of   conductor  

The spacing  over   the  ground  plane  ( the  skin)  or over  an  equipment  rack w i l l  vary 
somewhat but   because  the  inductance varies as the   logar i thm  of   the   spac ing ,  it 
can  be  approximated  and still give  reasonable   answers   for   the  current   magni tudes.  
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Metal Skin  Vehicles 

As a s p e c i f i c  example, we w i l l  assume the   fo l lowing   cons t an t s   fo r   t he   p i to t  
tube   to   av ionics   b lack  box connections shown i n  Figure 3. Assume a run  of  1/4 
inch  copper  tubing  10 meters i n  length  spaced  an  average  distance of 8 inches 
over  the  skin  or  equipment  rack. 

Assuming tha t   t he   p i to t   t ube   has  a f l a n g e   t o   s k i n   j o i n t   r e s i s t a n c e  o f  2.4 
milliohms, a metal sk in  resistance of 0.100 mill iohms,  for a t o t a l   s k i n   p a t h  re- 
s i s tance   o f  2.5 mill iohms  (r ' )  and a t o t a l   t u b i n g   r e s i s t a n c e   f o r   t h e   p a t h  from 
the   p i to t   t ube   t o   t he   av ion ic s  equipment  of 7.5 mil l iohms  ( r ) ,  w e  f i nd  a total  
tube-over-ground-plane plus   skin  loop  res is tance  of   10  mil l iohms (R).  For the  
assumed tubing  diameter  of 1 / 4  inch and a spacing of 8 inches,   the   inductance 
would be  about  one  microhenry  per meter or   10  microhenries   for   the  10 meter 
length of run .   This   resu l t s   in   an  R/L r a t i o  of 

R/L = 10 x 10-3110 x 10-6 =I 103 

For a 200,000 ampere high  current   c loud  to  ground t y p e  n a t u r a l   l i g h t n i n g  
s t r i k e  as s p e c i f i e d   i n  MIL-B-5087R with a s l ight ly   modif ied 2 x 50  microsecond 
waveshape (2  microseconds  to  crest ,  50  microseconds t o   h a l f   v a l u e ) ,  w e  f i nd  us- 
ing  Figure 4 and equat ion  (2)   that  a current  of  about 2800 amperes pene t r a t e s  a 
metal sk in   i n to   t he   av ion ic s  equipment case. 

I'(meta1) = Io (r ' /R)  x f , ( t )  

= 2 x l o 5  (.0025/.0075) x (.042) 

I '  (metal) = 2800 amperes 

Graphite  Skin  Vehicle 

For   g raphi te ,   the   sk in   res i s tance  would be  about 2000 times g r e a t e r   o r  200 
milliohms and the   pene t ra t ion   cur ren t  would be 

R/L = 202.5 x 10-3/10 x = 20,000 

f , ( t )  = 0.26 

I ' ( g raph i t e )  = Io  (r ' /R) x f , ( t )  

I ' (g raphi te )  = 2 x lo5 x (202.5 x 10'3/10 x x 0.26 = 50,142 

The results i n d i c a t e  a current   of  50,142 amperes passing from a s i d e  mounted 
pi tot   tube  or   total   temperature   probe  through  the  connect ing aluminum tubing 
d i r e c t l y   i n t o  an a i r  d a t a  computer case which is s o l i d l y  bonded t o   t h e   i n t e r n a l  
ground as an e x i t   p o i n t   f o r   t h e   l i g h t n i n g   s t r o k e .  
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The r e s u l t s  show tha t   whi le   l a rge   cur ren ts   pass   th rough  conductors  con- 
nec ted   ac ross   t he   i n t e r io r  of a metal sk inned   vehic le ,   very   l a rge   cur ren ts   pass  
through  one  with a graphi te   sk in .  

CONCLUSIONS 

Inves t iga t ions  of some of t he  practical a spec t s  of l ightning  electromag- 
ne t i c   pu l se   pene t r a t ion   o f   g raph i t e   sk ins   fo r   a i r c ra f t   has  shown t h a t  

o Graphite access d o o r s   i n  a metal v e h i c l e   s k i n   o r  a metal door i n  a 
g r a p h i t e   s k i n   r e s u l t   i n   n e g l i g i b l e   s h i e l d i n g   o f   t h e  l o w  frequency 
magnetic f i e l d   i n   t h e   l i g h t n i n g   c u r r e n t  waveform. 

o Large  currents  can  penetrate  the  interior  on  conductors  exposed  to 
the   ex te r ior   such  as the  tubing from a n   p i t o t   t u b e   t o  an air  d a t a  
computer. 
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Door Resistivity e - 10 

Figure 1.- Solution  to Laplace  equation shows current flow through 
and around door for resistivity difference of ten to one. 
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Figure 2.-  Induced voltages  on  loop  sensor  behind  graphite access 
doors show l i t t l e  attenuation.  
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Figure  3. -  Diagram of c u r r e n t   f l o w   i n   s k i n   a n d   i n t e r i o r  
c o n d u c t o r   w i t h   e q u i v a l e n t   c i r c u i t .  
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Figure  4.- Graph o f   cu r ren t   f r ac t ion   pas s ing   t h rough  aerospace 
v e h i c l e   i n t e r i o r   c o n d u c t o r  as a f u n c t i o n  of R and L. 
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APPENDIX I 

CURRENT AROUND A COMPOSITE M)OR 

INTRODUCTION 

Consider a composite  disc mounted on  an i n f i n i t e  metal sheet.  L e t  d c  be 
the  conduct ivi ty  of the   composi te   disc  and let  d m be t h a t  of the  metal sheet .  
L e t  b be  the  radius  of the  composite  disc. We w i l l  treat both  the  composite 
d i s c  and the  metal shee t  as i so t roph ic  mediums. In  th i s   ca se ,   t he  problem is 
isomorphic  with  that  of a two dimensional  electrostatic  problem,  with  the con- 
duc t iv i ty   p l ay ing   t he  same r o l e  as t h a t  of t he   capac i ty  E (Smythe,  1950, p. 231). 
In pa r t i cu la r   t he   so lu t ion   o f   t he  problem of a d i e l e c t r i c   c y l i n d e r   w i t h   r a d i u s  b 
placed  in  a uniform f i e l d  E can be  appl ied  here .  Thus, the  vol tage Vm i n  t he  
metal shee t  is given by (For  example, Smythe, 1950, p. 68): 

'm = E (r - (k-l/k+l)  (b'r))  cos e 

And the   vol tage Vc in   the   composi te   d i sc  is given by 

Vc = (2E/k+l) r cos e 

where E is the  ambient   f ie ld  and k is given by 

k = d c / d m  

The coordinates  systems  used i n  these  equat ions ape as shown in   F igure  1. 
-c 

The cu r ren t  dens i ty  J is given by 
4 

J = d v v  

Thus, from Eq. ( l ) ,  w e  can  calculate   the  current   densi ty   outs ide  the  composi te  
d i s c  (i.e., i n  the  metal shee t )  

Where Ux and Uy 

J, = <Vm/ 

Jmy = 2 Jo 

where Jo = &E i 

x = r cos e 

y = r s i n  e 
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are t h e   u n i t   v e c t o r s   i n   t h e  x and y d i r ec t ions   r e spec t ive ly  and 

x) = Jo ( 1  - (k-l/k+l)  (b2(y2-x2>)/(x 2 +y 2 2  ) ) ( 6 )  

(k-l/d+l) (b2xy/ (x2+y2) 2, (7) 

s the  ambient cu r ren t  dens i ty  and 



Ins ide   the   composi te   d i sc ,   the   cur ren t   dens i ty  is given by 

Jc - Jcx ux 

Jcx = cfc(2E/(k+l)) 

Jcy = ( 2J0k/  (k+l) ) 

JCY 
= o  

STEAMER FUNCTION 

The streamer func t ion  u is given by the   conjugate   func t ion  of v ,   t h a t  is 

I n   t h e  domain of t h e  metal shee t ,  we have 

= -E (r + ( k - l / k + l )   ( b 2 / r ) )   s i n  o 

Figure  2 g ives  a numerical  example. 

MAGNETIC FIELD 

Since   the   ambient   cur ren t   dens i ty  Jo produces no f i e l d   i n   t h e   i n s i d e  of t h e  
metal shee t  w e  s u b t r a c t  Jo from Eq. (5), so t h a t   t h e   c u r r e n t   r e s p o n s i b i e   f o r   t h e  
leakage   magnet ic   f ie ld  is given by 

J = Jm - Jo ux 

o r  
- 

Jmx - Jmx Jo 

= 2 Jo (k-l/k+l)  (b2xy/(x 2 2  +y ) )  i n   t h e  metal shee t  

= Jo (21d (k+l) - 1 )   i n   t h e   c o m p o s i t e   d i s c  

JmY 

Jcx 

J - 0  
CY 

The streamer l i n e s  of t h e   c u r r e n t  J' is shown i n   F i g u r e  3. 
* 
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given by Eq. (14)  and  (15)  and t h e   s u r f a c e   i n t e g r a l  is over t h e  whole x-y plane. 
Numerical i n t e g r a t i o n  is too  involved  to  be  given  here.  However, a few qual i ta -  
t ive  conclusions  can  be drawn by inspec t ion  of Figure 3 and Eq. (14)  and  (15). 

a. TIle t o t a l  amount of   current  is given by the   t o t a l   cu r ren t   t h rough   t he   d i sc   o r  

I ' t  = 2b x.Jo  (2k/k+l - 1)   ( see  Eq. (15))  (17) 

and the   sho r t e s t   pa th  around the   cur ren t  is 4b (around  the  thickest  part of the  
disc) .   Therefore   the maximum f ie ld   in tens i ty   can   be   es t imated  as 

For  example 

Jo = 30,000 amp/meter 

k = 0.1 

we have 

H = 12,000  amp/meter 

b. A l l  f i e l d   l i n e s  are perpendicular   to  x - axis, i.e., perpendicular   to   the  
ambient  current  density.  Thus maximum coupling  occurs when the  loop area is 
para l le l   to   the   ambient   cur ren t   dens i ty  as shown i n  Figure 4. 

C. The overal l   magnet ic   f ie ld   pat tern  resembles   that   of  a d i p o l e   f i e l d .  The 
two poles   are   approximately  located  a t   the   top and the  bottom  of  the  composite 
d i s c  as shown in   F igure  5. 

d. The streamer funct ion  of  "leakage  current" I' is given by 

= - (k- l /k+l)   (b2/r)   s in  e 

Note t h a t   i f  we rep lace  K by l / k ,  we g e t  

Um(l/k) = - ( l / k   - l ) / ( l / k  +1)) ( b 2 r )   s i n  e. 

= - (1-k/ l+k)   (b2/r)   s in  e 

That is i f  we mount a metal d i s c  on a composi te   sheet ,   the   leakage  f ie ld  w i l l  be 
exac t ly   the  same as tha t   o f  a composite d i s c  mounted on a metal sheet ,   except  
t h a t   t h e   f i e l d   d i r e c t i o n  is reversed. 
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Figure 2. 
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Figure 3.- Current  responsible  for  the  leakage. 
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THE L I G H T N I N G  SIMULATION TEST CONFIGURATION 

Applied  Current  Waveshape 

The t y p i c a l   L i g h t n i n g   S i m u l a t i o n  T e s t  (LST) c o n f i g u r a t i o n  i s  a series 
R-L-C c i r c u i t   w h i c h   c o n s i s t s  of a c u r r e n t   i m p u l s e   g e n e r a t o r   ( a   c a p a c i t o r   b a n k )  
w a v e s h a p i n g   r e s i s t o r s ,   c u r r e n t   r e t u r n   p a t h ( s )   a n d   t h e  t e s t  a r t i c l e  as shown 
i n   f i g u r e  1. The c i r c u i t   p a r a m e t e r s  are chosen  so  t h a t ,   i n c l u d i n g   t h e   c h a r a c -  
ter is t ics  o f   t h e  tes t  s p e c i m e n ,   t h e   i m p u l s e   c u r r e n t   f l o w i n g   t h r o u g h   t h e   c i r c u i t  
h a s  a unipolar ,   double   exponent ia l ,   waveshape .   Such  a waveshape is d e s c r i b e d  
b y   t h e   f o l l o w i n g   e q u a t i o n   ( r e f .  6) and i l l u s t r a t e d   i n   f i g u r e  2.  

i ( t )  = - e s i n h   ( k t )  V - a t  
kL 

R 
2L 

a = -  

where i ( t )  i s  t i m e  v a r y i n g   c u r r e n t   t h r o u g h   t h e   c i r c u i t ,  amps,  v i s  c a p a c i t o r  
c h a r g e   v o l t a g e ,   v o l t s ,  L i s  c i r c u i t   i n d u c t a n c e ,   h e n r i e s ,  R is c i r c u i t  resis- 
tance,  ohms,  and C is  c i r c u i t   c a p a c i t a n c e ,   f a r a d s .  

The r ise time ( t , )   o f   t he  LST waveform is  d e f i n e d  by t h e   i n t e r c e p t   o f  a 
l i n e  drawn  between  the 10% and 90% p o i n t s  on t h e   f r o n t   o f   t h e   w a v e f o r m   a n d   t h e  
maximum v a l u e   o f   t h e   c u r r e n t .  The  decay t i m e  ( t t )  i s  d e f i n e d   b y   t h e  t i m e  a t  
w h i c h   t h e   c u r r e n t   d e c a y s   t o   5 0 %   o f  i t s  maximum v a l u e .  

F o r   a n a l y s i s   p u r p o s e s   u s i n g   e q u a t i o n s  1 th rough  3 t h e   c i r c u i t   c a p a c i t a n c e  
i s  assumed t o   b e   t h a t   o f   t h e   i m p u l s e   g e n e r a t o r ,   t h e   c i r c u i t   r e s i s t a n c e  is t h a t  
of t he   waveshap ing   (damping)   r e s i s t ance ,   and  the i n d u c t a n c e  is  t h a t   o f   t h e  t es t  
spec imen  and   re turn   pa th .  

The p r o b l e m   t h a t   h a s   t o   b e   d e a l t   w i t h  is t h e   s e l e c t i o n   o f   c i r c u i t  compon- 
e n t   v a l u e s   t h a t   g i v e   t h e   d e s i r e d   w a v e f o r m   a n d   t h a t  a r e  r e a d i l y   a v a i l a b l e .  

C I R C U I T  COMPONENTS 

C u r r e n t   R e t u r n   P a t h  

One o f   t h e   m a j o r   f a c t o r s   i n   o b t a i n i n g  a 30 kA o r   h i g h e r   p e a k   c u r r e n t  i s  
t h e   o v e r a l l   i n d u c t a n c e   o f   t h e  t e s t  c i r c u i t .   I f   t h e  tes t  i s  s i m u l a t i n g  a nose- 
t o - t a i l   l i g h t n i n g   s t r i k e  a l a r g e   p a r t  of t h e   t o t a l   c i r c u i t  i s  t h e   a i r c r a f t   a n d  
t h e   c u r r e n t   r e t u r n   l i n e s   b a c k   t o   t h e   i m p u l s e   g e n e r a t o r .   P r e v i o u s  tests u s i n g  
l o w e r   p e a k   c u r r e n t s  were d o n e   w i t h   t o t a l   c i r c u i t   i n d u c t a n c e s   o f   b e t w e e n   1 5 - 1 7  
m i c r o h e n r i e s  (pH) w i t h   r e t u r n   l e a d s   p l a c e d   u n d e r   t h e   a i r c r a f t   o r  a number o f  
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p a r a l l e l   s t r u n g  wires r e t u r n i n g   o n   b o t h   s i d e s   o f   t h e   a i r c r a f t   ( r e f .   2 ) .   T h e  
h i g h   p e a k   c u r r e n t   i m p u l s e   n e e d e d   f o r   t h e   f u l l  scale tests w o u l d   b e   d i f f i c u l t  
t o   a c h i e v e   i f   t h e  same t y p e   o f   r e t u r n   l e a d s  were used.  

B u r r o w s   h a s   i n v e s t i g a t e d   t h e   p r o b l e m   o f   t h e   i n h e r e n t   h i g h   i n d u c t a n c e   o f  
such a p h y s i c a l l y   l a r g e  tes t  c i r c u i t   ( r e f .  7 ) .  To p r e s e r v e   t h e   f r e e   s p a c e  
m a g n e t i c   f i e l d   c o n f i g u r a t i o n   a r o u n d   t h e   a i r c r a f t   h e   s u g g e s t s  two c o n t r a s t i n g  
d e s i g n s   f o r   t h e   r e t u r n   c o n d u c t o r   s y s t e m .  A s i n g l e   r e t u r n   c o n d u c t o r   k e p t  w e l l  
away  from t h e   a i r c r a f t   ( 1 0   f u s e l a g e   d i a m e t e r s )   w o u l d   m i n i m i z e   f i e l d   d i s t o r t i o n  
bu t   wou ld   no t   r educe   t o t a l   i nduc tance .  A c o a x i a l   r e t u r n   s y s t e m  as shown i n  
f i g u r e  3 w o u l d   a l l o w   f o r   a n   e v e n l y   d i s t r i b u t e d   f i e l d   a n d  a much lower  induc- 
t a n c e ;   t h i s   w o u l d   a l l o w  a h ighe r   cu r ren t   peak   magn i tude   and   wou ld   improve   t he  
d i / d t   v a l u e   o f   t h e   a p p l i e d  wave. 

The f i n a l   c o n f i g u r a t i o n   c h o s e n   f o r   t h e   r e t u r n   p a t h s   w a s  a system  of 
a luminum  shee ts ,   1 .2  m wide  and 3 . 7  m l o n g   ( 4   f t .   w i d e   a n d   1 2   f t .   l o n g ) ,  
b o l t e d   t o g e t h e r   a n d   s u p p o r t e d   t o   p r o v i d e   f o u r   p a r a l l e l   p a t h s ,   1 4 . 6  m l o n g  
( 4 8   f t . ) .  The s h e e t s  w e r e  p laced  as shown i n   f i g u r e   4 ,  two above  and two below 
t h e   w i n g s .   I n   o r d e r   t o   h a v e  a p r a c t i c a l  t e s t  se t -up ,  access t o   t h e   a i r c r a f t  
a n d   e s p e c i a l l y   t h e   c o c k p i t  area c o u l d   n o t   b e   h i n d e r e d   b y   t h e   i m p u l s e   c i r c u i t  
c o n f i g u r a t i o n .  I t  w a s  dec ided   t o   space   t he   a luminum  shee t s  1 m from t h e   s u r -  
f a c e   o f   t h e   a i r c r a f t   t o   p r o v i d e   t h i s  access. The approximate   inductance   o f  
t h i s   c o n f i g u r a t i o n  was c a l c u l a t e d   u s i n g   t h e   e q u a t i o n   ( r e f .  8 ) :  

L = 0.2(10ge   r l / r2)pH/m 

where r l i s  t h e   r a d i u s   o f  a c o m p l e t e   c i r c u l a r   t u b e   r e t u r n   p a t h   a n d  r2  i s  t h e  
r a d i u s   o f   t h e   a i r c r a f t   f u s e l a g e .  The i n d u c t a n c e   o f   t h e   r e t u r n   p a t h  w a s  cal-  
c u l a t e d   t o  b e  approximate ly  4 pH. 

Optimum Generator   Design 

C a p a c i t o r s   r a t e d  a t  2.8  microfarad ( p F ) ,  60 k i l o v o l t s  (kV) each were 
a v a i l a b l e   f o r   t h e   i m p u l s e   g e n e r a t o r .   G i v e n   t h i s  known c a p a c i t a n c e   a n d   t h e  
c a l c u l a t i o n s   f o r   t h e   r e t u r n   p a t h   i n d u c t a n c e ,   t h e   p r o b l e m  now was one  of 
d e t e r m i n i n g   t h e   c o n f i g u r a t i o n   o f   t h e   i m p u l s e   g e n e r a t o r .  

From t h e  s t a t i s t i c a l  e v i d e n c e   o f   t h e   n a t u r a l   c h a r a c t e r i s t i c s   o f   l i g h t n -  
i ng   and   s t anda rd  test  wavefo rms   ( r e f .   9 ) ,  a l i g h t n i n g   a t t a c h m e n t   s i m u l a t i o n  
r e q u i r e s   t h e   c u r r e n t   d i s c h a r g e   t o   h a v e   t h e   f o l l o w i n g   s p e c i f i c   p r o p e r t i e s :  

I = 30 kA ( p e a k   c u r r e n t )  

tr 

t t  

P 

= 2 ps  - + 20% (10-90 rise t ime)  

= 50 u s  - + 20% (50% t a i l  t ime)  
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S i n c e   t h e   p e a k   c u r r e n t  Ip i s  c r i t i c a l  t o   t h e   s i m u l a t i o n   i n  a f u l l  scale 
test, t h e  R,  L, and C p a r a m e t e r s  shown i n   f i g u r e  1 are v a r i e d  to a c h i e v e  a 
maximum p e a k   c u r r e n t   f o r  a g i v e n   a i r c r a f t   c o n f i g u r a t i o n   w h i l e   m a i n t a i n i n g   t h e  
r equ i r ed   wave fo rm  to l e rances .  

Us ing   an   ex is t ing   computer   p rogram (GEN FIX) w h i c h   s o l v e s   t h e  series 
R-L-C c i r c u i t   e q u a t i o n s   ( e . g .   e q u a t i o n   1 )   v a l u e s   o f   r e s i s t a n c e   a n d   c a p a c i t a n c e  
were d e r i v e d   w h i c h   w o u l d   s a t i s f y   t h e  tes t  waveform  requirements.  A s  a b a s e l i n e  
f o r   t h e  tes t  c o n f i g u r a t i o n ,  a g e n e r a t o r   c a p a c i t a n c e   o f  9 pF, a p e a k   c u r r e n t  
of  30 kA, a c h a r g e   v o l t a g e   o f   1 2 0  kV, a 2 us f r o n t  t i m e ,  and a r e s i s t a n c e   o f  
3 ohms were d e r i v e d .  The t a i l  time of 50 ps t o   h a l f   v a l u e  w a s  compromised i n  
o r d e r   t o   o b t a i n   t h e   p e a k   c u r r e n t   a n d   t h e   f r o n t  time. T a i l  time was r e d u c e d   t o  
25 us. Also ,   t he   gene ra to r   wou ld   have   t o   be  a t  least a two-stage Marx t o  
have a c h a r g e   v o l t a g e   o f   1 2 0  kV. 

Another  computer  program, I C O M ,  ( r e f .   1 0 )  w a s  u s e d   t o   o p t i m i z e   t h e  test 
c o n f i g u r a t i o n .  I C O M  is an   acronym  for   In te rac t ive   Computer   Opt imiza t ion   Methods ,  
which i s  a c o l l e c t i o n   o f   f i f t y - s i x  FORTRAN subrou t ines   and   func t ions   wh ich  
u t i l i z e   n u m e r i c   t e c h n i q u e s   t o   p r o v i d e   s o l u t i o n s   t o  a w i d e  c l a s s   o f   o p t i m i z a t i o n  
p rob lems .   The   r e su l t s   o f   t ha t   p rog ram are  p r e s e n t e d   h e r e   t o   i l l u s t r a t e   t h e  
p rob lem  o f   ob ta in ing  a r e a l i s t i c  des ign ,   g iven   cer ta in   component   and   sys tem 
parameters .  

To max imize   t he   app l i ed   peak   cu r ren t  (I ) f o r   t h i s   e x e r c i s e   t h e   f o l l o w -  
i n g   c o n s t r a i n t s  were g iven:  

max 

L = 4 p H  
C = 80/n2 pF 
V = 50n kV 
tr  = 2.6 ps 
t t  = 25 US 

where n = number  of series Marx s t a g e s .  

The c i r c u i t  w a s  modeled  using a lumped parameter  RLC c i r c u i t .  The Kir- 
c h o f f   v o l t a g e   e q u a t i o n   f o r   t h e   l i g h t n i n g   s i m u l a t i o n  tes t  model a t  t i m e  
t = 0 is: + 

, = L  J L  i ( t ) d t  - V+Ri(t) + L z  
d i  

C 
0 

I n   o r d e r   t o   d e t e r m i n e   t h e   m a t h e m a t i c a l   r e l a t i o n s h i p   b e t w e e n   t h e   d e p e n d e n t  
v a r i a b l e s  tr and t t  a n d   t h e   i n d e p e n d e n t   v a r i a b l e s  R ,  L, and C t h e  time d e r i v a -  
t i v e   o f   e q u a t i o n  5 w a s  t a k e n :  

1 0 = - i(t)+R- + L-2 
d i   d i 2  

C d t   d t  
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From t h i s  t i m e  d e r i v a t i v e   e q u a t i o n  a d i s c r e t e   s t a t e - s p a c e   a p p r o x i m a t i o n  
w a s  made.  The p e a k   c u r r e n t  I w a s  t hen   op t imized  as a f u n c t i o n   o f   t h e  R,  
L ,  and C parameters   us ing   numer lc   t echniques .  max 

The f o l l o w i n g   o p t i m a l   c o n s t r a i n e d   s o l u t i o n s  were found   fo r  two  and t h r e e  
s t a g e   g e n e r a t o r s :  

S t a g e  Imax R(OHM) L(U-0 C ( W  tr (PSI tt(l-lsI 

2 36.35 2.42 4.0 11.6  2.56 25.2 
3 42.35 3.11 5.2 9 .0  2.55 25.1 

I n  two s t a g e   c o n f i g u r a t i o n ,  L is minimized, R is  d e c r e a s e d   u n t i l   t h e  t 
c o n s t r a i n t  i s  encoun te red   a t   wh ich  t i m e  C is  i n c r e a s e d   t o   a l l o w   f u r t h e r  re- 

t 

d u c t i o n   i n  R w h i l e   m a i n t a i n i n g  a f e a s i b l e   s o l u t i o n .   T h i s   p r o c e s s   c o n t i n u e s  
u n t i l   t h e  t r  c o n s t r a i n t  i s  approached   due   to   the   low R v a l u e .  A t  t h i s   p o i n t ,  
t h e   o p t i m a l   c o n s t r a i n e d   s o l u t i o n   h a s   b e e n   r e a c h e d   s i n c e   f u r t h e r   i n c r e a s e  
i n  C c a u s e s   t h e  tr c o n s t r a i n t   t o   b e   v i o l a t e d  and f u r t h e r   d e c r e a s e   i n  R c a u s e s  
t h e  t t  c o n s t r a i n t   t o   b e   v i o l a t e d .   N o t i c e   t h a t  C has   no t   app roached   t he   uppe r  
s i n g l e   s t a g e   c o n s t r a i n t   o f  20 ~ J F .  

I n   t h r e e   s t a g e   c o n f i g u r a t i o n ,  L i s  no t   p l aced  a t  t h e   l o w e r   c o n s t r a i n t  
a s  m i g h t   b e   e x p e c t e d .   T h i s   r e s u l t   c a n   b e   e x p l a i n e d  as  f o l l o w s :  

The t h r e e   s t a g e   c o c f i g u r a t i o n   a l l o w s  a h i g h e r   d i s c h a r g e   v o l t a g e ,   b u t  
f o r c e s   a n   u p p e r   c o n s t r a i n t   o n  C of 9 ~ J F .  The s o l u t i o n   p r o c e e d s   a s   i n   t h e  two 
s t a g e   c a s e ,  R be ing   dec reased   and  C i n c r e a s e d   t o   m a i n t a i n  t t  f e a s i b i l i t y .  
However, t h e   c o n s t r a i n t   o n  C is encoun te red   be fo re  R c a n   b e   d e c r e a s e d   s u f f i -  
c i e n t l y   t o   t a k e   f u l l   a d v a n t a g e   o f   t h e  t, c o n s t r a i n t ;   t h e   c o n f i g u r a t i o n  i s ,  
i n   o t h e r   w o r d s ,   c a p a c i t a n c e   l i m i t e d .  The s o l u t i o n   i n   t h i s   c a s e  i s  t o   i n c r e a s e  
L which i n   t u r n   i n c r e a s e d  t t ,  t h u s   a l l o w i n g  R t o   a g a i n   b e   r e d u c e d   u n t i l   t h e  
tr c o n s t r a i n t  i s  f i n a l l y   e n c o u n t e r e d .  I t  i s  i n t e r e s t i n g   t o   n o t e   t h a t   n e a r   t h e  
optimum, t h e   p a r t i a l   d e r i v a t i v e   o f   t h e   o b j e c t i v e   f u n c t i o n   w i t h  respect t o  
R i s  approximate ly   15  times g r e a t e r   t h a n   t h e   p a r t i a l   d e r i v a t i v e   w i t h   r e s p e c t  
t o  L. T h i s   f a c t   a l l o w s  L t o   b e   i n c r e a s e d   t o   f e a s i b l e   v a l u e s   w h i l e   o b t a i n i n g  
a n e t   i m p r o v e m e n t   i n   o b j e c t i v e   f u n c t i o n   b y   d e c r e a s i n g  R. 

RESULTS AND DISCUSSION 

The i m p u l s e   g e n e r a t o r   u s e d   f o r   t h e   f u l l  scale tests c o n s i s t e d   o f  a two- 
s t a g e  Marx, e a c h   s t a g e   c o n s i s t i n g   o f  s ix  2.8 ~ J F   c a p a c i t o r s   c o n n e c t e d   i n  
p a r a l l e l   f o r  a t o t a l   c a p a c i t a n c e ,   p e r   s t a g e ,   o f   1 6 . 8  pF. I n   t h e   c h a r g i n g  
mode t h e  two s t a g e s  were c h a r g e d   i n   p a r a l l e l   b u t  a t  o p p o s i t e   p o l a r i t i e s   u s i n g  
a + 50 kV DC power supply .   Each   s tage  w a s  charged  through a c h a r g i n g  resis- 
t a k e  of  500 I&. The  Marx g e n e r a t o r   c o n f i g u r a t i o n   r e s u l t s   i n  a t o t a l   c a p a c i -  
t ance   o f  8.4 pF. A damping   r e s i s t ance   o f  3R w a s  p l a c e d  a t  t h e   o u t p u t   o f   t h e  
g e n e r a t o r .  
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The   gene ra to r  w a s  t r i g g e r e d   t h r o u g h  a spark   gap   be tween  the  two s t a g e s  
u s i n g  a p rev ious ly   des igned   pneumat i c   sys t em  ( r e f .  11). The g e n e r a t o r   d i s -  
c h a r g e  was t h e n   t r a n s f e r r e d   t h r o u g h   i n p u t   a n d   r e t u r n   s p a r k   g a p s   t o   t h e  air-  
craft a n d   r e t u r n   p a t h   c o n d u c t o r s .   F i g u r e  5 is a schemat ic  of t h e   g e n e r a t o r  
a n d   f i g u r e  6 is a p h o t o g r a p h   o f   t h e   a c t u a l   g e n e r a t o r .  

T h e   i m p u l s e   g e n e r a t o r   f o r   t h e   f u l l  scale  l i g h t n i n g   s i m u l a t i o n  test 
achieved  a peak   cu r ren t   o f   32 .6  kA w i t h  a rise t i m e  of 2.55 ps. The f o u r  
conduc to r ,   a luminum  shee t   r e tu rn   pa th   w i th   t he  F-16 a i r c r a f t   y i e l d e d   a n  
a c t u a l   o v e r a l l   i n d u c t a n c e   o f   3 . 5  pH. This   compares   wi th   p rev ious   mul t ip le  
w i r e  r e t u r n   p a t h s   a n d   a i r c r a f t   c o n f i g u r a t i o n s   w i t h   t o t a l   i n d u c t a n c e   i n   t h e  
r ange   o f   15  pH. 

The data a c q u i s i t i o n   e q u i p m e n t   n e e d e d   t o  make va l id   i nduced   vo l t age   and  
c u r r e n t   m e a s u r e m e n t s   o n   a i r c r a f t  e l ec t r i ca l  c i r c u i t s  must   operate   under   what  
may b e   m a j o r   a d v e r s e   f a c i l i t y   e f f e c t s   f r o m   t h e   f i r i n g   o f   t h e   h i g h   c u r r e n t  
c a p a c i t o r   b a n k s .   T h i s   a c q u i s i t i o n   e q u i p m e n t   e x i s t s   t o d a y   ( r e f .   1 1 )   i n   t h e  
form of s h i e l d e d   b r e a k o u t   b o x e s   a n d   f i b e r   o p t i c s   d a t a   l i n k s  t o  i n su re   min i -  
mal n o i s e   p i c k u p   f o r m e r l y   a s s o c i a t e d   w i t h   c o a x i a l   a n d   t r i a x i a l   c a b l e s .  
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Figure 1 .- Lightning  simulation  test configuration. 
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Figure 2.- Unipolar test waveform. 
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\- SIMULATED  FUSELAGE 

Figure 3 . -  I d e a l  test c i rcu i t   w i th   coax ia l   current   re turn .  

CURRENT  RETURN PATHS 

Figure 4 . -  F u l l  scale test setup  showing  current  return  path  configuration.  
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Figure 5 . -  Schematic of f u l l  sca le  test impulse  generator. 

Figure  6.-  Actual test setup on  F-76 a ircraf t .  
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